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Abstract 
 
 
The demand for affordable and realistic phantoms for training, in 
particular for functional endoscopic sinus surgery (FESS), has continuously 
increased in recent years. Conventional training methods, such as current 
physical models, virtual simulators and cadavers may have restrictions, 
including fidelity, accessibility, cost and ethics.   
In this investigation, the potential of three-dimensional printing for the 
manufacture of biologically representative simulation materials for surgery 
training phantoms has been investigated. A characterisation of sinus anatomical 
elements was performed through CT and micro-CT scanning of a cadaveric 
sinus portion. In particular, the relevant constituent tissues of each sinus region 
have been determined. Secondly, feedback force values experienced during 
surgical cutting have been quantified with an actual surgical instrument, 
specifically modified for this purpose. Force values from multiple post-mortem 
subjects and different areas of the paranasal sinuses have been gathered and 
used as a benchmark for the optimisation of 3D-printing materials. 
The research has explored the wide range of properties achievable in 
3DP through post-processing methods and variation of printing parameters. For 
this latter element, a machine-vision system has been developed to monitor the 
3DP in real time. The combination of different infiltrants allowed the 
reproduction of force values comparable to those registered from cadaveric 
human tissue. The internal characteristics of 3D printed samples were shown to 
influence their fracture behaviour under resection. Realistic appearance under 
endoscopic conditions has also been confirmed.  
The utilisation of some of the research has also been demonstrated in 
another medical (non-surgical) training application.  
This investigation highlights a number of capabilities, and also limitations, 
of 3DP for the manufacturing of representative materials for application in 
surgical training phantoms. 
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1. Introduction 
 
1.1 Project Overview  
 
1.1.1 Organization of the COMBO Project 
 
 This PhD research comprises part of a bigger project, referred to as the 
COMBO project, which concerns various elements of design and manufacturing 
of a physical simulation phantom by Rapid Prototyping (RP), which could be 
adopted in sinus surgery training. The COMBO project comprised of two 
principal areas of investigation, which were assigned to two PhD students. 
During a three year period, the PhD students investigated topics concerning 
each specific area, in collaboration with other co-investigators (Section 1.1.2).  
 PhD student No. 1 studied the design aspects concerning the 
reproduction of human sinus features within a physical phantom. They 
characterized the in-vivo appearance of the sinus anatomical region, and 
focused on the development of a software interface for the fabrication of 
personalized sinus phantoms, which simulated custom clinical cases, such as 
tumours or other pathologies. 
 PhD student No. 2, whose work is described in this thesis, investigated 
the aspects concerning the manufacturing process of the physical phantom. 
This required the exploration of appropriate methodologies and materials for the 
fabrication of a realistic sinus phantom with additive manufacturing technology. 
 Some aspects of work were conducted by some undergraduate students 
allied to the investigation of the two PhD students. Where relevant, these 
elements are highlighted within this manuscript. 
  
1.1.2 Co-investigators and Collaborators of the COMBO Project 
 
 
 The COMBO project concerned the interaction of different disciplines, 
such as medical practice and manufacturing engineering. A close collaboration 
between the investigators of the Additive Manufacturing Research Group at 
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Loughborough University, and clinical representatives of the Queen Medical 
Centre (QMC) Nottingham University Hospital was endorsed. Clinical co-
investigators were: 
• Mr. Anshul Sama: is a consultant surgeon in the Department of Head 
and Neck Surgery at QMC Nottingham University Hospital, with particular 
speciality in sinus surgery. He is renowned both in surgical practice, and 
for the international educational courses he supervises in 
otolaryngological bone surgery. He has served as the Chairman of the 
Association of Otolaryngologist in Training and as Editor of the CME 
Bulletin-Otolaryngology, Head & Neck Journal. He is Deputy Director of 
the Trent Simulation and Clinical Skill Centre (TSCSC) at the QMC 
Nottingham University Hospital. 
• Jason Watson: is a consultant maxillofacial prosthetist and the head of 
Maxillofacial Modelling Department at the QMC Nottingham University 
Hospital. His team are responsible for sourcing and producing current 
models for surgical planning.  
 
The co-investigators at Loughborough University were: 
• Russell Harris: is Senior Lecturer at Loughborough University within the 
Wolfson School of Mechanical and Manufacturing Engineering. He was 
the supervisor of the COMBO project. 
• Richard Taylor: is the PhD student No. 1 who was involved in the 
COMBO project. His research topics have been depicted in Section 
1.1.1. 
 
Some undergraduate students of the Wolfson School of Mechanical and 
Manufacturing Engineering were also involved in the COMBO project: 
• Hannah Edmonds 
• Geoffrey Radley 
• Mark Rhodes 
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1.1.3 Sub-Project: Skull Phantom for Clinical Ultrasonography  
 
 A secondary project was conducted in collaboration with the National 
Physical Laboratory (NPL) based in Teddington (United Kingdom), which 
required the design and fabrication of a neonatal skull phantom to be employed 
in ultrasound clinical application. NPL became aware of the COMBO project 
and approached us accordingly regarding this sub-project.  
 Current phantoms adopted in simulation of ultrasound practice are 
relatively simplistic and not representative of real acoustic properties of 
neonatal bone tissue. In addition, a reliable tool for assessing the thermal 
effects of ultrasound scanning on target tissues, and appropriateness of actual 
scanning protocols, does not exist.  
 This project benefitted from the methods and findings of the COMBO 
project, in the matter of fabrication of synthetic bone material by additive 
manufacturing technology and the in-process vision system for accurate 
insertion of sensory devices. 
 In this thesis, the research conducted by the author in this NPL project 
has been presented.  
 
1.2 Background 
 
 
 Before defining the rationale behind this thesis, an overview of the 
background issues is given. The state-of-the-art in the medical field, in particular 
surgery, allows the treatment of complex pathologies. The range of surgical 
specialties currently offered by hospitals is continuously expanding. The 
complexity and volume of some operations require the presence of highly 
skilled surgeons. In particular, Functional Endoscopic Sinus Surgery (FESS) is 
a delicate surgical procedure, involving the paranasal region of the human 
head. The risk related with such operation is due to the presence of vital 
anatomical structures, such as the brain, carotid artery and optic nerve. 
Accurate motor-skills, a detailed anatomical knowledge and high hand-to-eye 
coordination are all fundamental in FESS in order to prevent highly 
consequential damage to the structures mentioned above.  
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 Reported figures of the number of errors occurring in surgery depict a 
worrying scenario, both for patient safety and sustainability of the public 
economy. In some cases, surgical errors can lead to fatalities or permanent 
disabilities, which have to be covered by public authorities with a significant 
impact on the state economy. The Institute of Medicine reported that medical 
errors affected approximately 98,000 patients in the United States, with a 
consequent cost of between 37 and 50 million dollars (Kohn et al., 1999). 
Effectiveness and efficiency of surgical training programmes have been 
attributed as a main cause behind the rate of errors. Traditionally, the education 
in surgical practice relies on a “hand-on-the-job” apprentice approach, where 
the trainees improve their surgical skills in real operations, supervised by expert 
surgeons.  
 
 Simulation has been widely employed in surgical training to practice and 
review specific procedures, as often as required, and in a totally safe scenario 
where living patients are not involved. It has been stated in a significant review 
that simulation will probably be obligatory and part of health care regulations in 
the near future (TATRC, 2005).    
 As affirmed by the Ear, Nose and Throat (ENT) consultant Anshul Sama, 
co-investigator in this project, the status of current training tools for sinus 
surgery is insufficient.  
  
 Realistic simulation in surgical training and procedural assessment in 
FESS is traditionally limited to cadaver dissection. There are several ethical 
restrictions to the adoption of cadavers for educational purposes, as endorsed 
by the Human Tissue Act (2004). The poor availability and cost of cadaveric 
samples make them inadequate to cover the demand of training programmes. 
Moreover, cadavers are not representative of a particular form of pathology and 
therefore are limited for objective training. Artificial mannequins used for 
surgical simulation are relatively simplistic and do not replicate characteristics of 
real tissue. They also do not allow the simulation of specific cases, which could 
be beneficial to expert surgeons. Virtual simulators have been the subject of 
research to resemble realistic scenarios of surgery. However, the inflexibility 
and cost required for the development of a specific surgical case may not be 
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affordable or attractive for many surgical training units.  Consequently, many 
cases of surgery simulation with Virtual Reality cannot be justified. 
 
 Additive manufacturing (AM), or RP, comprises of several different 
technologies, which all fabricate three-dimensional (3D) physical parts from 
Computer Aided Design (CAD). The multiple advantages of RP would allow the 
prompt realization of new simulation cases where physical models are obtained 
by reverse engineering target anatomical areas and then utilized for surgical 
planning and/or education. In particular, some researchers have demonstrated 
the capability of RP in the manufacturing of physical phantoms for surgical 
training. Schwager et al. (2003) proposed a ceramic phantom fabricated with 
three-dimensional printing (3DP), which was adopted for temporal bone surgery 
practice. Suzuki et al. (2004) developed a similar phantom for surgical training 
of the temporal bone, adopting selective laser sintering (SLS) process for the 
manufacturing. However, these prototype phantoms concern a different 
anatomical area from the sinus and they also lack some crucial elements, such 
as realistic appearance/texture of anatomical region and a consistent replication 
of cutting properties of the relevant tissue. 
 
1.3 Research Aims 
 
1.3.1 COMBO Project 
 
 The lack of realism of current physical phantoms for surgical training 
does not allow the practice and experience of surgical procedures consistent to 
real surgery. These aspects, and other issues reported previously in the 
background section (Section 1.2), could lead to inappropriate fidelity of training, 
with a direct impact on the safety of treated patients. In addition, actual artificial 
bone phantoms and cadavers only permit standard surgical tasks to be 
performed, excluding the possibility to simulate complex and rare cases. This 
represents a limitation to the spread and growth of surgical expertise and 
capabilities.  
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 Owing to these considerations, an adequate physical phantom is 
required, capable of overcoming the limitations of current surgical training 
solutions and improving the quality of surgical practice on patients. 
 
 The overall aim of the COMBO project was the development of 
appropriate tools and methodologies for the design and fabrication of a sinus 
phantom to be employed in FESS surgical training, allowing the production of 
specialised and even personalised cases.    
 Specifically, the aim of the investigation, covered in this thesis as part of 
the COMBO project, was the RP manufacture of tailored bone models with 
realistic visual and physical properties for tactile surgical simulation in FESS 
training. 
 
1.3.2 NPL Project – Ultrasound Skull Phantom 
   
 The aim of the secondary project conducted in collaboration with the 
NPL, was the design and fabrication of a neonatal skull phantom, mimicking the 
acoustic properties of neonatal bone tissue. An additional aim included the 
embedding of a thermal sensor into the prototype phantom, in order to 
objectively assess the thermal effect of ultrasound exposure on target tissues. 
  
1.4 Objectives 
 
 Several objectives of the research presented in this thesis were 
synchronous to elements within both the COMBO project (primary) and NPL 
project (secondary). The objectives comprised of: 
 
a) Understanding the anatomy and composition of the target anatomical 
region. 
b) Ascertaining the clinical requirements of the discipline. 
c) Defining the target properties to be reproduced in the physical phantom. 
In the case of FESS, the cutting characteristics of the synthetic tissue 
seemed a crucial aspect of a realistic phantom, as dictated by Mr. Sama 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 1 – Introduction  7 
 
(ENT surgeon). They had to be objectively assessed through an 
appropriate method. 
d) Determining appropriate methods to alter the 3DP models according to 
the required target properties. 
e) Designing and producing a suitable simulation phantom. 
   
 Additional objectives were established in order to accommodate the aims 
of the NPL project, and they consisted of: 
f) Developing an accurate and consistent method for the in-process 
embedding of components (thermocouples) into a part produced by 
additive manufacturing (3DP) means. 
g) Accurately monitoring the embedding process, in particular the position 
and integrity of the component (thermocouple). 
  
1.5 Project Scope  
 
 The COMBO project aimed to address the requirements of FESS 
simulation, and it was limited to this type of surgery. However, the findings of 
this research could be easily extended to other clinical areas, where a physical 
surgical training phantom is required. The secondary project, conducted in 
collaboration with NPL, was a clear demonstration of this. 
 The investigation, described in this thesis, involved the use of additive 
manufacturing processes, in particular 3DP, which was preserved in terms of 
building materials and machine hardware. No alterations of the machine 
structure, such as moving elements, were conducted, in order to ensure 
repeatability of the manufacturing methods by other users.   
 The research adopted current RP technologies, available on the market 
at the time of writing, and it did not pursue the use of custom or experimental 
additive processes, in order to facilitate the accessibility of the industrial/clinical 
users to the process.  
 The range of materials employed in the post-processing of the prototype 
parts was limited to commercially available products, at acceptable low cost. 
This strategy aimed to reduce the cost of the phantom manufacturing and 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 1 – Introduction  8 
 
improve its competitiveness against other surgical simulation solutions. The 
final cost of the sinus phantom should be in the order of £100, which would be 
also achieved with the use of replaceable sinus modules.    
 
1.6 Structure of the Thesis 
 This thesis is structured in the following way. First, a contextual 
background is presented that provides an overview of the issues that are dealt 
with in the research. In this part of the thesis, an overview of main RP 
processes, in particular 3DP, and the range of applications in the medical field 
is presented. The state of current surgical practice, with relevance to surgical 
errors and possible causes, is provided. The importance of simulation in 
surgical training programmes and the limitations of current training 
methodologies are discussed, in order to understand the justifications of this 
project. Following the formulation of the hypothesis, a description of the 
research structure is provided, which depict the subsequent research phases 
followed during the investigation. The results of each phase are reported in the 
specific chapters (Chapter 6, 7, 8, 9, 10). The discussion chapter reviews the 
results and the work carried out. The conclusion chapter describes the 
deductions of the research. An overview of further recommendations for future 
research is reported in the final chapter, with a list of possible topics for 
additional development. 
 
9 
 
2. Medical Imaging 
 
 
 In medical practice, human tissues can be scanned and analyzed with 
several imaging methods, which are continuously evolving in terms of image 
quality, resolution and range of applications. Typical non-invasive medical 
imaging methodologies comprise of X-ray scanning, Computed Tomography 
(CT), Magnetic Resonance Imaging (MRI) and Ultrasonography.  
 CT is an X-ray-based technology, which is an efficient technique for 
scanning high density tissues, such as bony elements, although other types of 
tissues (soft tissues) can also be analyzed.  
 MRI is particularly designed for the characterization of soft tissues, such 
as ligament, tendons, and muscles.  
 Ultrasonography is an ultrasound-based diagnostic imaging technique, 
which is particularly effective in the visualization of human body structures, such 
as tendons, muscles, joint, blood vessels and internal organs. Ultrasonography 
can generate 3D and Four-Dimensional (4D) (moving 3D object) 
representations of anatomical areas. 
 
2.1 Medical Scanning Technologies 
 
2.1.1 X-Rays in Medicine 
 
 X-Rays are a form of electromagnetic radiation, with a wavelength 
between 0.01 and 10 nanometers. X-Rays are normally measured in terms of 
corresponding energy, ranging between 0.12 and 120 keV (Snowden Ward, 
1995).  
 The potential of X-Rays for diagnostic purposes was first discovered by 
Wilhelm Conrad Röntgen in 1895. Since then the use of X-Rays in clinical 
radiology has become very common and nowadays it is one of the most widely 
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used imaging techniques in medical diagnostics. However, X-Rays are also 
often employed in industrial applications. 
 X-Rays are generated by an X-Ray tube, which consists of a vacuum 
tube where electrons, released by a hot cathode, are accelerated to high 
velocity using a high voltage, ranging between 20 and 150 kV (Bushburg et al., 
2002). These electrons collide with a metal target, the anode, creating the X-
Rays. In an analogue system the images of an anatomical region are obtained 
by illuminating the body with short X-Ray pulses and placing a radiographic film 
behind it. Due to the absorption of the X-Rays by tissue a negative image of the 
anatomy is obtained. 
 X-Rays are traditionally employed for the diagnostic imaging of bone 
tissue due its high X-Ray absorption. This is because of the high content of 
calcium, potassium, magnesium and phosphorus in bone tissue, which present 
a high electron density. Physiological imaging of soft tissue regions, such as 
lung or vascular system (angiography), is achieved through the use of contrast 
agent and subtraction technique.  
 Concerns about the use of X-Rays for diagnostic purposes have been 
expressed over the years, however the overall exposure to ionizing radiation 
during X-Rays examination is relatively low (De Gonzalez and Darby, 2004). 
 Owing to the Two-Dimensional (2D) representation of an anatomical part 
generated by X-Rays examination, diagnostic images might be difficult to 
interpret, due to the lack of spatial information. This is particularly important in 
diagnostic of diseases affecting the paranasal region (Garcia et al., 1994). In 
addition, lower anatomical details offered by X-Rays imaging compared to other 
diagnostic techniques such as CT, make it less advantageous for pre-surgical 
evaluations (McAlister et al., 1989).   
   
2.1.2 Computed Tomography 
 
 
Principally, the CT technique comprises of a collimated fan beam of X-
rays, perpendicular to the long axis of the body, emitted from the radiogenic 
tube. The fan beam of X-rays transmitted through the patient is detected by an 
array of detectors. An exposed tissue slice may be considered divided into a 
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number of equally large volume elements, called voxels. In the two-dimensional 
image of the tissue slice each voxel is represented by a pixel, which presents a 
shade of grey, according to the attenuation in the corresponding voxel (Fig. 
2.1).  
 
Fig. 2.1: Schematic representation of a CT slice. The grey value of each pixel of the 2D 
image corresponds to the attenuation recorded within the corresponding voxel. 
 
The attenuation of the ionizing radiation through the tissue is represented 
by a numerical value, expressed in Hounsfield units (HU). In modern CT 
scanners this value ranges from approximately -1,000 and +3,000 HU 
(Bushberg et al., 2002). Generally, the CT scanner is calibrated to give water an 
attenuation number equal to 0 and air an attenuation number equal to -1,000. 
Bone tissue has attenuation numbers ranging from approximately 800HU to 
approximately 3,000 HU. 
The spatial resolution is determined by several parameters of the CT 
acquisition, such as field of view (FOV), slice thickness and dimension of the 
reconstruction matrix. The spatial resolution is determined by the voxel size, 
which depends on the pixel size and slice thickness.  The number of pixels in 
the x axis and the y axis is typically 512 X 512 or 1024 X 1024 (Flohr et al., 
2005).  
The voxel resolution gives an indication of the ability to capture the finest 
details from a scan. Of existing CT equipment at the time of writing, some 
craniofacial cone beam-CT’s achieve a voxel resolution of 0.125 mm using the 
small FOV of 40 mm2 (Cotton et al., 2007), in comparison to the best 
conventional CT voxel resolution of 0.250 mm. The main drawback of cone 
beam CT for cranio-facial applications could be the limited FOV, which varies 
from 40mm2 to 120mm2 (Kim et al., 2007).  
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Traditional helical CT devices allow a pixel resolution of approximately 
0.750 mm, with a FOV of 400 mm2 and a reconstruction matrix of 512x512 
voxels (Stützel et al., 2008). In detection of particularly small anatomical parts, 
such as those present in the inner ear, a slice thickness of 1mm and a FOV of 
60mm2 allow high quality images (Greess et al., 2000). It should be noted that 
the limiting factor in the physical model accuracy is the imaging technique rather 
than the RP technology used. Usually, conventional CT and MRI techniques 
acquire image slices with a thickness in the order of 1.0 and 3.0 mm, which is 
much greater than the build resolution of any RP technology, which is around 
0.1mm. 
It should be noted that CT scanning, employed only for non-clinical 
purposes is difficult to ethically justify, because of the dose of radiation 
administered, typically around 30-40 mGy. However, in the case of scanning of 
paranasal sinuses, low-dose protocols can be applied, owing to the high 
contrast between air, soft tissue and bone structures (Hojreh et al., 2005). 
 
2.1.3 Microtomography 
 
 Microtomography (micro-CT or µCT) is broadly based on the same 
principles of conventional CT, as it uses X-rays to obtain cross-sections of a 3D 
object, which can be processed to reconstruct a 3D representation of a small 
scanned object. The architecture of the micro-CT comprises of an X-ray source 
and a detector, which can be 1-dimensional or 2D, depending on the x-ray 
beam shape (fan-beam or cone-beam). Micro-CT is not adopted for clinical 
uses, but only for research purposes, due to the spatial constraints imposed by 
the machine, scanned samples are normally in the order of few centimetres per 
side. For this reason, micro-CT cannot be employed for scanning of living 
patients.  
 The main benefit offered by micro-CT scanners is the elevated resolution 
they can achieve, in the order of tens of microns (Ruegsegger et al., 1996).  
 The applications of micro-CT include several fields. They can be used to 
scan small deceased animals or small samples of a particular material. These 
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high-resolution scanners allow a precise description of the internal 
characteristics of an object. 
 The elevated resolution of micro-CT justifies its popularity in research 
applications. In recent years, micro-CT has been demonstrated to be very 
successful for bone analysis; in particular it has allowed the visualization of the 
heterogeneous morphology of bony tissues, such as trabecular and cortical 
bone. For instance, micro-CT is essential to analyse the effect of osteoporosis 
in trabecular bone architecture or to evaluate bone-growth in tissue engineering 
studies. The possibility to employ micro-CT for RP purposes of trabecular bone 
samples has been explored (Bibb et al., 2002) (Fig. 2.2). A portion of trabecular 
bone was scanned with micro-CT equipment and then a 3D representation was 
manufactured using Stereolithography (SLA). 
 
  
 
Fig. 2.2: Example of micro-CT scanner (left), and a reconstructed 3D model (STL) of 
trabecular bone specimen scanned with micro-CT (Bibb et al., 2002) (right). 
 
2.1.4 Magnetic Resonance Imaging 
 
 MRI is a scanning technology employed to diagnose health conditions 
that affect soft tissue and bone. MRI provides a higher contrast between 
different soft tissues than CT. This is the reason for the adoption of MRI to 
diagnose neurological, musculoskeletal, cardiovascular, and oncological 
condition. An MRI scanner generates a strong magnetic field, which aligns the 
rotation vector of hydrogen nuclei of water molecules within tissues. Radio 
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frequency waves are used to alter the alignment of this magnetization. The 
rotating magnetic field produced by the hydrogen nuclei is detectable by the 
scanner. The manipulation of this signal with additional magnetic fields helps to 
increase the information required to obtain an image of the body.  
 One of the main advantages of MRI is that, unlike X-rays, it does not 
involve exposing the body to harmful radiation. Extensive tests have been 
carried out to determine the resulting risk to the human body due to the 
exposure to magnetic waves. No evidence of significant risk has been found, 
leading to MRI being perceived as one of the safest scanning methods currently 
available. 
 Resolution of current MRI scanners is normally lower than CT scanners. 
Standard MRI produces 512x512 images and field of view around 180mm 
(Nemec et al., 2008). The resolution is around 0.5mm in the XY plane. The slice 
thickness is normally 3mm. Although MRI can be employed for medical 
modelling purposes (Swann, 1996), owing to the its limited resolution it was not 
considered appropriate for the modelling of the paranasal sinuses. However, it 
could be considered in this investigation as an alternative option for the 
evaluation of specific soft tissue elements within the nasal complex (Sievers et 
al., 2000). 
 
2.1.5 Ultrasound Scanning in Medicine 
 
 Ultrasonography is a diagnostic imaging technique based on ultrasound. 
Ultrasound is a cyclic sound pressure wave with a frequency higher than the 
human hearing upper limit, which is approximately 20 kHz. Ultrasound medical 
imaging uses the transmission and reflection of high-frequency longitudinal 
mechanical waves (ultrasound) in tissue.  
 Image information is provided by the energy of these waves as they are 
reflected from the surfaces between different tissues. The amplitude of each 
reflected wave is represented by a dot. The position of the dot represents the 
depth from which the returning echo was received. Such depth is calculated 
from the velocity of the waves and the time taken to receive the echo. Bone 
tissue corresponds to high amplitudes (white dots), organs and very thick fluid 
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normally produce weaker amplitudes (grey dots), while blood and other fluids 
have almost null reflection (black dots). The combination of these dots allows a 
complete image to be obtained. A typical parameter of ultrasound is the 
frequency of the emitted ultrasound, which is normally between 3Mhz and 
12Mhz. High frequency waves allow a high resolution, but cannot penetrate 
very deep into the tissue. On the other hand, low frequency can reach longer 
distances, but the resolution is much lower.   
 The most well known use of ultrasonography in the medical field is the 
imaging of foetuses in the human womb, although there are several other 
applications. 
 Ultrasonography can be used in the industrial field as a non-destructive 
analysis technique for detecting flaws or cracking phenomena in materials, or to 
measure thickness of objects. Traditionally, ultrasound frequencies in a range 
between 2 and 10 MHz are adopted. Commonly, metals, plastics and composite 
materials are inspected. Lower frequency ultrasound between 50-500KHz is 
used to inspect less dense materials, such as wood, concrete and cement. 
 Ultrasonography represents one of the most widely used diagnostic tools 
in modern medicine, owing to the relatively low cost and portability of this 
technology compared to other scanning techniques, such as CT and MRI. 
Ultrasonography is considered a safe diagnostic technique, as it does not 
involve the exposure to ionizing radiations, as X-ray scanning and CT. 
However, ultrasound scanning can have some potential physiological effects, 
such as heating of soft tissue structures due to molecular frictions (Church and 
Miller, 2007), although this effect is normally minor, as the tissue perfusion 
dissipates most of the heat. The potential consequences depend on the 
particular clinical application. The mechanical pressure waves produced by 
ultrasound can also cause microscopic bubbles in living tissues and distortion of 
the cell membrane.   
 Some risks, related to the use of ultrasound in foetuses and neo-natal 
patients, have been divulged by the American Institute of Ultrasound in 
Medicine (AIUM) in 2008 (AIUM, 2008). AIUM stated that potential risks to 
administering ultrasound scanning to foetal and postnatal patients include foetal 
and postnatal thermal effects, foetal and postnatal mechanical effects and 
bioeffects issues deriving from the use of contrast agents for ultrasound.  
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2.2 Tissue Segmentation 
 
Following the acquisition of the medical images, the segmentation of the 
tomographic images is necessary in order to identify the bony structure and 
other tissues of interest. For instance, tomographic images, produced by CT 
and micro-CT apparatus, are constituted by a defined number of pixels, each 
corresponding to a value expressed in HU. Traditionally, each biological tissue 
can be segmented by thresholding of the appropriate Hounsfield range. 
Thresholding techniques identify all pixels beyond a precise HU value as 
component of the tissue of interest, and the other as background.  
In this section, an overview of the image processing methods and 
thresholding techniques is offered, in order to better understand the issues 
behind tissue segmentation. 
 
2.2.1 Image Processing Techniques 
 
 Before the segmentation phase, the images obtained by CT and micro-
CT scanning may be manipulated though image-processing (IP) techniques, to 
improve their overall quality. The variety of IP techniques is quite extensive, and 
only a few of them will be presented. 
 Filtering is the first step to reduce the noise affecting an image. A median 
filter is one of the most effective methods for smoothing operations. It consists 
of replacing the value of each pixel (8-bit image) with the median value of its 8 
surrounding pixels. A median filter allows the preservation of more details 
compared to other techniques, such as an average filter (Gonzalez et al., 2008). 
The radius of the median filter can be increased as required. 
 A second filter is unsharp masking, which is normally adopted to 
increase the contrast of the image, especially along the edges. It involves 
different phases. First, a blurred version of the original is calculated and 
subtracted from the original image to obtain the unsharp mask. This image is 
then combined with the negative of the original image, and overlaid on the 
original image. A “sharp” version of the original image is thus obtained. Typical 
parameters of this method are radius (size of the edge to be processed) and 
percentage (magnitude of contrast enhancement) (Baxes, 1994). 
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 After a binary image is obtained by thresholding, some other functions 
can be applied to manipulate the objects to be analyzed. Morphological 
operations, such as erosion and dilation, adopt a structuring element, which 
operates on the edge of the target object (Serra, 1982). As the name suggests, 
erosion and dilation respectively remove or add pixels to the edge of an object. 
Normally, these operations are combined and applied iteratively. A combination 
of erosion and dilation is called opening. Alternatively, if the erosion is applied 
after dilation, it is identified as closing. The aim of morphological operations can 
be to smooth the edge of a binary object or, in some cases they can be 
employed to extract the edge of a target object.   
 
2.2.2 Tissue Classification 
 
2.2.2.1 Thresholding Methods 
 
From the literature, several examples of effective thresholding have been 
shown (Loubele et al., 2006; Hangartner, 2007). This is a common challenge in 
medical imaging. The investigation of this particular aspect has not yet resulted 
in a complete solution. In fact, each proposed method adopts a different strategy 
for thresholding, but not one that can be considered optimal for all. The support 
of clinicians appears essential in this task, as their experience instructs the 
adjustment of the threshold value computed by imaging software.   
The threshold can be chosen by the user, in the case of manual 
thresholding, or it can be calculated by a specific algorithm, when an automatic 
threshold is performed. Mimics® (Materialise, Leuven, Belgium), a software 
adopted for medical RP application allows the setting of a thresholding value 
from a series of default Hounsfield ranges. This permits the segmentation of 
specific tissues, between bone, soft tissue, cartilage and others. This is 
possible only if the images to be processed are in DICOM (Digital and Imaging 
COMmunication in medicine) format, the standard for CT and MRI apparatuses. 
This format contains several parameters of the scanning, including the 
Hounsfield range. For instance, the default segmentation ranges offered in 
Mimics were not applicable to the images obtained from a micro-CT (Section 
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6.5), which were in TIFF (Tagged Image File Format) format. Therefore, the 
threshold value had to be manually set. 
Thresholding is still the subject of ongoing investigations, in particular for 
segmentation of medical images. Ideally, the selection of the optimal threshold 
would be computed through an algorithm, rather than being settled by the 
operator, in order to be less labour intensive.  
Between the several algorithms used for threshold calculation, the most 
efficient make use of the histogram, which describes the grey values of all the 
pixels constituting the image. It is assumed that both the pixels belonging to the 
object and to the background are characterized by an average intensity value. 
The pixels describing the object (or the background), normally follow a 
Gaussian distribution around the specific mean value. The histogram approach 
tries to determine the optimal value, which permits the classification of pixels as 
belonging to the object or to the background. These methods are also known as 
clustering methods. Nowadays, many of these algorithms are adopted in image 
processing software. The main problem is that each method follows a different 
strategy, which consequently determines a different final threshold value.  
The Otsu’s algorithm (Otsu, 1979) assumes that an image is constituted 
by two main classes of pixels; background and object. It identifies the optimal 
threshold value through an iterative method, which minimizes the intra-class 
variance of the two classes. Similarly, the maximum entropy approach adopted 
an iterative method to divide two classes of pixels, maximising the inter-class 
entropy. Both of these two methods interpret the image histogram as a 
probability distribution of the intensity values. Another more recent approach is 
the Gaussian Mixture Modelling (GMM) method. This is particularly appreciated 
in the medical field (Shan et al., 2002; Huang et al., 2008). As the name 
suggests, this method models the histogram as a sum of more Gaussian 
distributions (Fig. 2.3).  
 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 2 – Medical Imaging  19 
 
  
Fig. 2.3: Example of Gaussian mixture modelling of histogram (right) and the relative 
source image (left) (Segala et al., 2006). 
 
An iterative algorithm provides fit to the single Gaussian functions and 
calculates the optimal threshold value. As for other algorithms, the optimal 
solution strongly depends on the initial assumptions (i.e. number of Gaussian 
functions), and on the initial parameters (i.e. mean and variance of the single 
Gaussian distributions). 
Many other methods propose different strategies, such as adopting 
different criteria for the segmentation instead of thresholding. Pixel properties, 
such as position or neighbourhood, can be evaluated during the iterative 
process of segmentation (Shi et al., 2006).   
 
2.2.2.2 Hounsfield Units and Threshold Selection 
 
 
The selection of an improper threshold value is one of the major causes 
of error during the reconstruction phase. The choice of a proper threshold is a 
very crucial decision. The selection of low threshold values could result in 
models being relatively over-dimensioned, whereas high thresholds could cause 
the loss of thin bony elements. A solution for the selection of a correct threshold 
value could be to adopt a local threshold, dependent on the anatomical region. 
 The choice of the appropriate thresholding value depends on the 
analyzed tissue. Normally, each tissue presents different range values in the 
Hounsfield scale, as shown in Table 2.1. Other Hounsfield ranges have been 
proposed (Tuan et al., 2005). Bone tissue is recognized as a high-contrast 
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structure, which could be easily segmented and differentiated, for example, 
from other tissues (e.g. soft tissues). 
 
Table 2.1: Default HU ranges available in Mimics (Materialise, Leuven, Belgium) software.  
Tissue (Adult subject) Range in HU  
Cortical Bone  1686 to 3012 
Trabecular Bone  1172 to 1685 
Enamel  2577 to 3874 
Muscle  1019 to 1159 
Fat 819 to 973 
Skin  306 to 847 
 
 
However, in the case of 8-bit images with 256 grey-levels, the range of 
grey-values for specific tissue is different. Conventionally, it is not possible to 
convert the grey values into Hounsfield units, although some studies 
investigated their relationship (Mah et al., 2010). Generally, in 8-bit images, soft 
tissues have an intensity (grey-level) range of 40-120 and hard tissues, e.g., 
bony tissues, have an intensity range of 120-255.  
Bone often comprises of an external dense tissue; cortical bone, and an 
inner porous tissue; trabecular bone. The analysis of the density profile could 
allow a correct segmentation, thus allowing the identification of appropriate 
threshold levels for cortical and trabecular bone.  
Mimics (Materialise, Leuven Belgium) is one of the most widely used 
software applications to process CT images and reconstruct a 3D virtual model 
(Section 3.1.1). The thresholding tool presents default ranges, expressed in 
Hounsfield units, which can be adopted to automatically segment a specific 
tissue (i.e. bone, soft tissue, cartilage, etc.). However, the support of an expert 
clinician should allow the choice of an appropriate threshold value. 
2.2.3 Issues in Tissue Reconstruction from Tomographic Images  
 
 Commonly, every image process contributes to a degradation of the 
original image. In particular, images acquired by CT scanning are affected by 
this issue. In particular, the most evident artefact is represented by blurring of 
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the edges (Fig. 2.4). This aspect cannot be neglected when the threshold value 
is determined. The image process can be modelled as the convolution of the 
original image with a Gaussian convolution kernel (Hangartner, 2007). As a 
result, the boundaries of the scanned object appear blurred, and, consequently, 
it is more difficult to determine the original edge.  
 
 
Fig. 2.4: Original block (A) and block with blurred edges (B) (Hangartner, 2007). 
 
This phenomenon results from three main factors. The first is the size of 
the radiation beam, which is used to measure the attenuation profiles and 
reconstruct the object cross-section. If a structure is smaller than the beam size 
it will be recorded with a reduced attenuation value, which does not correspond 
to its real density. The second factor is strictly related to the reconstruction 
algorithm. In this phase, when the scanned object is reconstructed from its 
projection, the algorithms try to balance between sharpness and noise, 
contributing to the blurring effect. The third factor is represented by the limited 
resolution of the image matrix generated by the CT scanner which assigns just 
one value to each single pixel. Afterwards, if a pixel contains the boundary of 
the object, its value will be an average of the material contained on the pixel 
(Fig. 2.5). This issue is known also as partial volume effect. In case of thin bone 
structures, as those found within the sinus region, they are represented with a 
lower density value.  
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Fig. 2.5: Schematic representation of partial volume artefact (A) and a real example of 
this phenomenon from µCT image of sinus bone. 
 
From literature, several methods have been proposed to correct the 
partial volume effect, which often affects medical images (Salvado et al., 2005). 
As with other image applications, a correct interpolation algorithm allows the 
original boundary to be recovered, recurring to the resizing of the image, in 
order to increase the pixel density. Different algorithms can be adopted to 
approximate the value of the generated pixels. The most efficient is represented 
by bicubic interpolation, which is a standard for several image processing 
software applications. In particular, the unknown pixel is calculated from the 
average of the closest 4X4 known pixels.  
However, the interpolation method presents some limitations, as 
described in the Nyquist-Shannon theorem (Shannon, 1949). When a signal 
(e.g. image), with a limited band, B, is sampled, it can be reconstructed from its 
sampled version only if the sampling frequency, f, is higher than 2B (i.e. f >2B). 
Otherwise, the reconstructed signal could present characteristic aliasing 
artefact. Afterwards, a thin sinus structure of 0.2mm can be correctly 
reconstructed with pixel size smaller than 0.1mm. With this regard, the adoption 
of a high resolution CT scanning, such as micro-CT, should be considered for 
the analysis of such small structures as those found within the ethmoid sinus. 
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3. Additive Manufacturing in Medical 
Applications 
 
 
 
 RP identifies a discipline where 3D objects are fabricated by a layer-by-
layer manufacturing approach, from their CAD descriptions. Other equivalent 
terms are associated with RP: 
• Additive Manufacturing: this term explains the strategy followed during 
RP, where a 3D object is fabricated by deposition of 2D layers along the 
z-axis. 
• Solid Freeform Fabrication (SFF): this highlights that RP can produce 
complex geometries, without limitations typical of conventional 
manufacturing techniques. 
• Auto Fabrication: this emphasizes the absence of human labour in RP, 
compared to conventional mould-making techniques, where an elevated 
level of human intervention is required. 
 
 The role of RP in medical applications has become crucial in the last 
decade (Hieu et al., 2005; Petzold et al., 1999; Winder et al., 2005). Several 
benefits offered by RP technologies have been appreciated by clinical 
practitioners, who understood the possible advantages deriving from the 
adoption of this technology within clinical applications. In many cases, a 3D 
model of an anatomical part of a living patient is reverse engineered from scan 
data, obtained by CT or MRI scanning (Chapter 2). Improvements to scanning 
apparatus and the continuous development of software, dedicated to medical 
model manipulation, have further increased the adoption of RP in the medical 
fields. Additive manufacturing techniques address a wide range of purposes: 
 
• Surgical planning: anatomical models of complex surgical cases, such as 
in maxillofacial reconstruction, have demonstrated a significant reduction 
in terms of time and cost required by the surgical procedure, associated 
also with an improved quality of the operation results. 
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• Education: the use of a 3D shape can facilitate the understanding of 
some anatomical features by clinical trainees, better than the 
visualization of 2D images (CT slices, pictures, etc.).  
• Prosthesis manufacturing: RP technologies have been shown 
advantageous for the fabrication of human prosthesis. The introduction of 
metal RP processes has brought significant improvements in the 
manufacturing of metal prostheses, offering a reduction of time and costs 
compared to conventional manufacturing techniques (Singare et al., 
2006).   
• Training: a 3D model can be employed for simulating a specific surgical 
procedure by either trainees or expert surgeons, without involving the 
practice on living patient.   
• Patient-Clinician interaction: the communication between patient and 
surgeon is fundamental. A 3D model can be a valuable tool for the 
surgeon, who has to explain the pathology and the appropriate surgical 
treatment to the patient undergoing surgery. In such a way, the patient 
can be conscious to the risks inherent to the operation, and subsequently 
provide robust consent. 
 
3.1 Reverse Engineering of Anatomical Elements from 
Tomographic Data 
 
 Reverse engineering is a common procedure in different industrial 
applications, but it is widely adopted for medical purposes. This technique 
consists of the replication of an existing physical object, and it comprises of 
several steps. First, the geometry of the target part is acquired by a laser 
scanner or CMM (coordinate-measuring machine), structured light digitizer or, in 
clinical cases, by appropriate scanning apparatus, such as CT or MRI. The scan 
generates a set of data, either point cloud or tomographic slices, corresponding 
to the object geometry. This data is then processed by software to reconstruct a 
3D virtual representation of the target part, which can be evaluated and 
manipulated (Kruth et al., 1998). A physical copy of the target part can be 
obtained through a Computer Numerical Control (CNC) machine or RP process. 
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 In industrial applications, reverse engineering may be employed to 
provide a digital record of a product, or to assess a competitor’s product. 
Sometimes, reverse engineering is essential to compensate the lack of 
documentation of a specific device. 
 In clinical circumstances, reverse engineering is often critical. It permits a 
3D representation to be obtained, both virtual and physical, of the anatomical 
area to be treated (Mahaisavariya et al., 2006). This represents a great 
advantage for the clinicians, who can better understand the internal 
characteristics of an anatomical site, and make several considerations in 
regards to the pathology and appropriate treatment. The visualization of a 3D 
model can be also very beneficial for planning of an individual surgical case, 
with a positive impact to the patient safety and effectiveness of the operation. 
For instance, in complex maxillofacial reconstruction, a physical copy of the 
patient’s skull allows the planning of the operation, improving the time efficiency 
(Gopakumar, 2004; Kelley et al., 2004). 
 Following the processing and manipulation of images acquired by CT or 
MRI, they could be constructed to obtain a 3D representation of the anatomical 
feature of interest. Some proprietary software from tomographic scanners offer 
the possibility to reconstruct a 3D virtual model of the scanned element, which 
can be evaluated directly for diagnostic purposes. However, this software is 
limited to clinical use, and different software is adopted for medical RP 
applications. For example, a popular software for model reconstruction from 
CT/MRI images is Mimics, which was developed for RP applications in the 
medical field. 
 
3.1.1 Mimics 
 
 Mimics is a widely adopted software for medical RP applications. Multiple 
studies have demonstrated its efficiency for this (Hieu et al., 2003; Sanghera et 
al., 2001; Sun et al., 2005).  
 The images from CT/MRI scanners are normally exported in DICOM 
format, which is the standard in medical scanning. It contains information 
regarding the patients name and scanning parameters, such as the pixel 
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dimension, slice thickness and gantry tilt. Mimics accepts DICOM images, but 
also other imaging formats can be imported, such as JPEG (Joint Photographic 
Experts Group) and TIFF. In case of JPEG and TIFF format, some parameters, 
such as slice thickness and gantry tilt, can be manipulated by the user.  
 After the set of images have been imported, the target human tissue can 
be segmented adopting default threshold ranges, available for cortical and 
trabecular bone, cartilage, skin and other tissues. Some image processing 
functions are also available, such as filtering, Boolean operations and 
morphological operations (opening, closing). 
  
 
Fig. 3.1: Screenshot of Mimics software. Axial, sagittal and coronal views are available, 
together with the reconstructed CAD model of the segmented tissue. 
 
3.1.1.1 3D Model Parameters 
 
 Upon the manipulation of the segmentation phase, the mask can be used 
to obtain the 3D CAD model of the target anatomical element (Fig. 3.1). Mimics 
offers some default quality levels for the generation of the 3D model. However, 
the specific parameters can be manipulated by the user. Some key parameters 
are: 
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• Interpolation method: there are two methods, which can be adopted for 
interpolating the slices. The grey value interpolation takes into account 
the partial volume effect (Section 2.2.3), and for this reason is more 
precise. The edges of the created surface are decided based on the grey 
values, which are assumed to indicate the amount of bone within each 
pixel. The disadvantage of this method is that it produces unnecessary 
details, due to the noise within the images. In particular, when the slice 
distance deviates considerably from the slice thickness, the surface of 
the model will be particularly noisy. A second method is the contour 
interpolation, which is a 2D interpolation of the XY plane slice, while in 
the Z direction a linear interpolation is used. Contour interpolation is 
normally preferred for medical purposes. 
• Smoothing: this function operates as a filter for noise reduction. Two 
parameters to be set are the number of iterations and the smoothing 
factor. This last varies from 0 (priority to local geometry) to 1 (the new 
position depends on the vertices of the triangles in the neighbourhood). 
• Matrix reduction: this feature allows the grouping of some voxels to 
generate triangles. The amount of triangles to be grouped is controlled in 
the XY plane and Z direction. 
• Triangle reduction: this permits the reduction of the number of triangles in 
the mesh. Tolerance, number of iterations and edge angle are the main 
parameters that can be set. The tolerance indicates the maximum 
deviation that a related triangle may have to be part of the same plane 
that contains the selected triangle. The edge angle fixes the threshold 
angle to group more triangles in the same plane. 
 
3.1.1.2 Exporting Formats 
 
 Mimics allows the exporting of the 3D model into a series of different 
formats, depending on the specific needs.  
• STL (STereo-Lithography file format) (ASCII or Binary): a standard 
format accepted by RP technologies. An insight of such format is given in 
section 3.1.2. 
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• VRML (Virtual Reality Modelling Language): a text file format, where 
vertices and edges for a 3D polygon can be specified together with  
additional information, such as surface colour, texture, transparency and 
so on. 
• IGES (Initial Graphics Exchange Specification): this format was first 
introduced in 1980, and it serves as a neutral data format for the 
transferring of CAD data between dissimilar programs.  
• DXF (Drawing Exchange Format): this format is a CAD data file format, 
which was originally introduced in 1982 by Autodesk, for enabling the 
interoperability between AutoCAD® and other CAD programs.  
• Point Cloud: the 3D model can be converted into a series of points 
describing the model surface, which are collected into a specific text file. 
• Mesh Data: the reconstructed 3D model can be translated into a polygon 
mesh data structure, which can be imported into common software for 
Finite Element Analysis (FEA) or Computational Fluid Dynamics (CFD) 
software, such as Fluent, Nastran and Abaqus.   
 
3.1.2 STL File Format and Conversion Issues 
 
 The virtual model obtained from tomographic images is normally 
converted into a STL file, although a direct slicing of 3D model could be also be 
performed which is then forwarded to the prototyping machine. The STL format 
was introduced by 3DSystems as a standard for the stereolithography machine, 
but it was extended to all the RP technologies. A STL file is a triangular 
representation of a 3D surface geometry. The surface is tessellated into a set of 
oriented triangles, called facets. Each facet is characterized by an outward 
normal and three points representing the vertices of the triangle. The amount of 
facets for a 3D object depends on the tolerance set by the operator, who can 
generally fix the minimum dimension and minimum angle of the feature to be 
reproduced.  
 Several errors can occur during the translation from CAD file to STL file, 
such as flipped normals, closure of holes, mid-line nodes (more than two 
triangles per edge) and other errors. Several limitations have been identified for 
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the STL format, such as redundancy, lack of topology and connectivity 
information (which affect slicing process), and lack of information on part colour 
or material characteristics (Starly et al., 2006). This last issue is very important 
to allow a Local Composition Control (LCC) during RP processes (Jurrens, 
1999). The manufacturing of Functional Graded Materials (FGMs) represents a 
valuable aspect in future RP (Liu et al., 2004). Many efforts have taken place to 
develop new standards and new algorithms to transfer the information regarding 
the internal structure from the CAD file to the RP machine (Cho et al., 2003; 
Jackson et al., 1999).  
 The next phase after the STL generation is the slicing of the 3D model to 
obtain the multiple cross-sections processed by the RP machine. The slicing is 
performed automatically by the proprietary software of each machine, and the 
slice thickness is normally in the order of around 0.1mm (linear slicing). This 
approach can lead to inaccuracy issues, especially when small details or curved 
shape have to be reproduced. Some algorithms have been proposed in order to 
perform an adaptive slicing (Sun et al., 2007). The aim is to adapt the slice 
thickness whether the curvature of the surface is particularly pronounced. 
Adaptative slicing can improve the surface quality of the prototyped model.   
 
3.2 Models Reconstruction: Accuracy and Source of Error 
 
 The application of reverse engineering techniques in medicine has been 
widely documented (Sun et al., 2002; Hieu et al., 2005; Poukens et al., 2003). 
However, it is essential to know the required level of accuracy, within a 
tolerance range, of the reconstructed models. Typically, in medical applications, 
such a high accuracy is not required as in industrial fields, because the data 
acquired with clinical imaging techniques are considerably less accurate than 
the RP processes, used for the final manufacturing of the model. 
 The accuracy of the final RP model is influenced by different phases: CT 
acquisition, 3D model reconstruction and RP model building. 
 Normally, the main source of errors is the CT acquisition. Some issues 
have already been illustrated in Section 2.2.3. During the scanning, several 
errors could be generated, depending on the machine parameters, such as 
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slice thickness, FOV and gantry tilt. A common artefact is the “stair-step” effect, 
which can be mitigated with reduced sliced thickness. However, this solution 
would increase the acquisition time and the radiation dose. It has been shown 
that a slice thickness of 1mm, normally used in CT scanning, determines a final 
accuracy of 0.63%±0.39% (Choi et al., 2002). 
 Some common artefacts from CT images may be due to metal elements 
being present within the scanned body, such as dental fillings, braces or 
implants. The ionizing radiation is normally deviated by these elements, and a 
scattering effect is generated. The artefact may be removed through slice-by-
slice editing of the original CT images, although the process is very time 
consuming, and an optimal result is not guaranteed.  
 As previously discussed, an important factor to be considered during 
model reconstruction is the threshold value, adopted for the segmentation 
phase. The choice of incorrect threshold level may cause loss of information in 
areas where only thin bony elements are present, such as the orbital floor 
(Winder et al., 2005). It could occur that, by adjusting the threshold to include 
small bony features, soft tissue are included in the segmented object. A local 
threshold should be performed by editing the segmented mask. From literature, 
different algorithms have been proposed to obtain a correct value of threshold 
(Loubele M. et al., 2006).  Local thresholding seems a convenient solution to 
overcome this issue. The advice of a clinical expert is recommended during the 
segmentation phase for appropriate thresholding. 
 Another source of error during model reconstruction is the translation 
from CAD file to STL file. Normally, the setting of tolerance parameters can 
influence the final accuracy of the model (Section 3.1.1.1). The smoothness of 
the prototyped model depends on the characteristic of the surface mesh. A 
smaller mesh determines a better surface representation, but inevitably a larger 
file and slower rendering. The user has to balance the accuracy issue with the 
file size issue and build time. The tessellation process to generate the STL is 
affected by the convex boundary error. Since a curved surface is approximated 
with segments, a convex surface corresponds to a removal of material, 
whereas a concave curve presents an addition of material (Fadel et al., 1996). 
 The final accuracy of a RP model is evaluated by linear distance 
measurements between anatomical land-marks. The entity of the error of 
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conventional RP models has been assessed to be in the order of tenths of 
millimetre (Mazzoli et al., 2007). Measurements conducted on prototyped skulls 
produced by SLS and 3DP technology, showed a mean dimensional error of 
0.89mm (2.10%) and 1.07mm (2.67%) respectively (Silva et al., 2008).  
 
3.3 Rapid Prototyping Processes 
 
 The panorama of current RP processes is quite extensive, and new 
processes are frequently introduced into the market. In this chapter, a few of the 
most representative RP technologies will be illustrated. Some limiting factors 
encompass all these processes, regardless to their specifics. For instance, the 
layer thickness, typically of 0.1mm, is still too thick for many applications, 
although it is not such a significant issue for medical models. Thinner layer 
thicknesses can be achieved with some processes, although this means an 
increase in terms of building time and cost of the machine. Typically, RP models 
exhibit a “stair-step” texture, especially on sloping surfaces. 
 Another limitation is the part accuracy. Despite this, RP processes show 
a good level of repeatability, with errors in the order of few microns and part 
distortion due to material and process characteristics, can lead to tolerances in 
the order of few tenths of millimetre range. In case of “shell-type” parts, a 
minimum thickness of tens of millimetres has to be expected.  
 The building material represents another crucial factor in RP. The ability 
to combine layers together forces the selection of a limited number of materials, 
suitable for a specific process.  
 The strength of parts produced by RP is typically inferior to conventional 
manufacturing processes, since the parts are built in layers bonded together.  
 The speed of a RP process can be crucial in some circumstances; for 
instance, a surgeon might require a 3D model in an emergency, and he cannot 
afford to wait too long, although RP is by-a-large faster than other 
manufacturing techniques, such as tool-based processes. 
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3.3.1 Stereolithography 
 
 The first ever commercial RP systems were resin-based systems 
commonly SLA. The resin is typically a liquid photosensitive polymer that cures 
when exposed to ultraviolet (UV) radiation. UV photopolymers are resins which 
contain photoinitiators and reactive liquid monomers, which can be solidified 
when exposed to UV light, which is the energy input for the initiation of the 
photopolymerisation, where the small monomers link together to form molecular 
chains (polymers) (Jacobs, 1992). A UV laser selectively scans the surface of 
the liquid resin, according to the cross-section of the part that corresponds to 
the layer. The laser penetrates into the resin for a distance equivalent to the 
layer thickness. Once a layer is cured, the building platform lowers by one layer 
thickness, and the next layer is scanned. The first layer of the built part is 
typically anchored to the platform. As with some other RP processes, SLA 
requires the manufacturing of support features to sustain overhanging features 
of the part, in order to prevent them to collapsing during manufacturing. The 
presence of the support structures may have a bearing on the orientation 
selected within the build volume of the machine, as the contact points of the 
support features affect the surface finish of the part. Supporting features are 
manually removed by the operator at the end of the building process.  
 SLA is considered among the most accurate RP technologies, with a 
build layer capability between 0.02mm and 0.1mm (3DSystems®, Rock Hill, 
USA). SLA is normally one of the most expensive processes. Cheaper resin-
based technologies have been introduced into the market, which adopt a light-
projector instead of a laser. The projection of a 2D pattern increases the speed 
of the process, although the elevated accuracy of the SLA process cannot be 
achieved. 
 
 Stereolithographic models have been used in clinical practice since the 
early 1990s (D’Urso et al., 1999; Kelley et al., 2007; Sailer et al., 1998). The 
region of interest is segmented from CT images (or MRI), and a 3D CAD model 
is appropriately reconstructed and manufactured with SLA system. The physical 
representation of bony structures, such as the skull, finds an extensive use in 
surgical planning of maxillofacial procedures, but also in other disciplines. In 
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some circumstances, the surgeon benefits from the possibility of producing a 
dual-coloured model, where specific structures (vascular elements, tumours, 
etc.) are highlighted with a different colour (Kermer et al., 1998). This is possible 
with the adoption of colourable photopolymers, which are selectively cured with 
a different laser energy. The characteristic translucency of SLA models allows 
the identification of such structures within the prototype. 
 
 
Fig. 3.2: Skull model fabricate by SLA technology. The area of interest (tumours) has 
been selectively coloured during the building process (Courtesy of ProtoMED®, 
Westminster). 
 
 The range of available resins for SLA process comprises of epoxy resins 
(rigid material), urethanes (soft material) and a variety of fillers and dies, which 
allow the tailoring of the mechanical properties of the prototypes.  
 Some new materials have been introduced in order to extend the range 
of application of SLA. Bens et al., 2007, presented a novel 
polyether(meth)acrylate-based resin material suitable for soft-material-based 
medical models. This polymeric product offered an adjustable Young’s modulus 
(25-750 Mpa) together with non-toxic behaviour in a biological environment.   
 Demitri et al., 2008, investigated a new acrylic-based hydrogel material 
for the manufacturing of an ultrasound testing phantom. The proposed material 
aimed to mimic acoustic properties of human tissues. A SLA system was 
adapted to reduce the building chamber volume, and an approximate vascular 
model was manufactured.   
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 The material characteristics of SLA technology still represent a crucial 
limitation for the manufacturing of surgical training models. Despite the frequent 
fabrication of medical prototypes for surgical planning purposes, the SLA 
models are fundamentally not adequate to mimic the dissecting behaviour of 
human tissues.  
3.3.2 Selective Laser Sintering 
 
 Selective Laser Sintering (SLS) is a very important RP process, which 
was developed at the University of Texas at Austin in 1986 (Deckard et al., 
1986). SLS is a similar process to SLA, in that the use a laser source is adopted 
to scan the building plane. In this case the laser beam provides the thermal 
energy necessary for the sintering of powder particles, constituting the building 
material. Once a layer of the part is fabricated, the building platform is lowered, 
and a new layer of powder is spread, allowing the next layer to be created. The 
range of processed materials comprises of nylon, nylon/glass composites, 
polycarbonate (PC), wax, ceramics, elastomeric and metal-polymer powders. 
Other materials are being added to this range. The layer thickness of SLS 
technology mainly relies on the powder characteristics, and it varies from 
0.1mm to 0.15mm. Depending on the chosen SLS machine, the building size 
can be up to 550x550x750mm. The mechanical properties of the built parts 
have been shown to be correlated with the building parameters, such as laser 
power, laser wavelength, scanning speed and powder bed temperature 
(Caulfield et al., 2007). The latter represents the temperature of the building 
material, which should be maintained 3-4ºC below the melting temperature (Tm) 
of the selected material, in order to guarantee an optimum crystalline polymer 
(Gibson and Dongping, 1997). Other factors influencing the mechanical 
properties of the built part include fabrication position and orientation. 
 SLS represents one of the most versatile RP processes, due to the 
variety of building materials being utilized. Typical polymers comprise of some 
amorphous polymers, such as PC, and most commonly semi-crystalline 
polymers, such as nylons (polyamide (PA)), and acrylic styrene (PMMA/PS). 
The combination of polymers with adequate fillers, such as glass fibre 
reinforced PA, and PA coated copper powder (Cu-PA), allows a dramatic 
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improvement of their mechanical characteristics (Kruth et al., 2003). Metal 
prototypes can be also be fabricated by SLS (Agarwala et al., 1995), in some 
cases with the adoption of sacrificial polymers, which are used as binder for the 
metal powder during sintering, and eliminated by furnace (de-binding) in the 
post-processing (Kruth et al., 2005).  
 The versatility of SLS generated an elevated interest within the scientific 
community, which explored the advantages of such process for medical 
purposes. In addition to the common fabrication of anatomical models for 
surgical planning or education, several studies investigated new materials for 
tissue engineering applications of SLS. Polycaprolactone (PCL) appeared a 
promising building material for the fabrication of implantable scaffolds for bone 
regeneration, owing to its biocompatibility (Williams et al., 2005; Wiria et al., 
2007). Biocomposites of Hydroxyapatite (HA), already known for its bone 
regenerative capacities, have been employed in SLS (Hao et al., 2006; Tan et 
al., 2003) for the manufacturing of bioactive scaffolds and implants. 
 Suzuki et al. (2004) studied the effectiveness of a SLS model of temporal 
bone for surgical training. Common surgical procedures, such as drilling, burring 
and suctioning of removed materials, were practiced on the model. Anatomical 
elements, such as malleus and incus, were appropriately reproduced. The 
hardness of the SLS prototype was judged similar to real bone in this 
anatomical region. The powder, present within cavity structures, required the 
use of a suction irrigator during dissection practice. 
 
3.3.3 Fused Deposition Modelling  
 
 
 Fused Deposition Modelling (FDM), or, Fused Filament Fabrication 
(FFF), is another broadly used RP process. It was developed by Scott Crump in 
the late 1980s, and commercialized in 1990. In this additive manufacturing 
process, a plastic filament is unwound from a coil and supplies material to an 
extrusion nozzle. The nozzle is heated to semi-liquify the material, which is 
deposited layer-by-layer to form a 3D object. The thermoplastic material 
hardens after deposition.  The resolution of FDM relies on the nozzle diameter, 
typically in the order of 0.125mm within the XY plane. FDM is relatively slow 
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process compared to other RP technologies. Building materials comprise of 
several thermoplastic materials, such as Acrylonitrile Butadiene Styrene (ABS) 
polymer, polycarbonates, polycaprolactone, polyphenylsulfones and waxes. 
ABS prototypes are largely appreciated in industrial applications, for their 
mechanical properties which have some similarities to series products. As 
occurs for SLA, support structures have to be fabricated in case of overhanging 
features. In case of FDM, water-soluble materials were recently introduced in 
order to facilitate the removal of support features in the post-processing phase.  
 Anatomical models from CT/MRI images can be produced with FDM, and 
employed for education or surgical planning of complex maxillofacial 
reconstruction cases (McGurk et al., 1997; Sanghera et al., 2001). Several 
methods have been explored for the manufacturing of tissue engineering 
scaffold by FDM, employing polycarbonate (Cao et al., 2003; Hutmacher et al., 
2001) or polymer-ceramic composites (Kalita et al., 2003; Shor et al., 2007).    
 
 
3.4 Three Dimensional Printing (3DP) 
 
3.4.1 Process 
 
 3DP was first developed at Massachusetts Institute of Technology (MIT) 
in the early 1990s (Sachs et al., 1994). The technology was commercialized by 
ZCorporation (Burlington, USA) in 1997, when the first model Z402™ was 
introduced into the market of RP processes. 3DP is another example of SFF or 
layered manufacturing technology. Nowadays, the acronym 3DP can also refer 
to other RP processes, where a 3D object is developed through jetting of 
material from nozzles or printheads. In this particular case, the term 3DP refers 
to the specific technology commercialized by ZCorporation, adopting a powder 
based material selectively bound by a water-based binder, jetted by printheads.  
 As suggested by the name, 3DP belongs to a similar concept of 
traditional inkjet printing machines. In fact, the printheads in 3DP are traditional 
inkjet printheads which are produced by Hewlett Packard (HP®, Houston, USA). 
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Fig. 3.3: Schematic representation of 3DP process (Courtesy of ZCorporation). 
 
 In 3DP, a thin layer of powder, approximately 170µm thick, is spread on 
a powder bed (Lee et al., 1995). Then, an inkjet head moves in the XY plane, 
jetting a liquid binder over the powder bed, allowing the binding of powder 
particles. The jetted binder would cause a more compact arrangement of 
powder particles, which determines a final layer thickness of wet powder of 
0.1mm, as opposed to 0.170mm of the original unbound powder layer. Once the 
first cross-sectional layer of the part is completed, the piston is lowered by 
approximately 0.1mm (www.zcorp.com) and a new layer of powder is spread. 
The next layer is selectively jetted by the printheads. When the process 
terminates, the part has to be kept inside the printer for a short period 
(approximately 1hour), to guarantee adequate curing of jetted binder. Then, the 
part is removed and the unbound powder is gently removed by brushing or air-
blowing means (depowdering phase). Particular attention has to be taken while 
handling the part, which is extremely fragile at this stage, especially when small 
features are produced. Compared to other RP processes, 3DP produces 
prototypes with poor mechanical properties directly from the machine. Several 
post-processing techniques are recommended to improve the strength of the 
“green” (unprocessed) part.  
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Fig. 3.4: View of the hardware components of a Spectrum Z510 3D printer (Spectrum 
Z510 3D printer hardware manual). 
 
3DP process is very time efficient, compared to other RP processes. 
Normally, using ZCorporation 3D printing machines, parts are built in a vertical 
rate of approximately 25mm/hour. The 3DP machines offered by ZCorporation, 
at the time of this thesis being written, allow building volumes of 203 X 204 X 
203 mm (Z450™) or 254 X 356 X 203 mm (Spectrum Z510™ Fig. 3.4). Within 
the technical specifications, ZCorporation declares a layer thickness for the 
build parts of 0.089 mm till 0.203 mm (www.zcorp.com). 
Currently, 3D printing is the only RP process which allows the fabrication 
full multi-coloured models (Stampfl J. et al., 2005). Colour models can be 
fabricated also with FDM, adopting coloured polymers, and SLA, employing 
colourable photopolymers. However, the colour range is limited to one or two 
tones. The 3DP process permits to obtain coloured models, combining three 
colour binders, such as cyan, magenta and yellow, similarly to traditional inkjet 
printing. The printheads have a resolution of 600 X 540 dpi (Spectrum Z®510). 
Colour parts could be used as concept models, permitting the visualization of 
the end-product texture. The adoption of 3DP meant a dramatic advancement 
for some manufacturing companies in their prototype development (Bates, 
2010). For example, the very time consuming phase of manual painting of 
footwear models, a standard practice till late 1990s, was replaced by the new 
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concept of colour RP. The opportunity of obtaining colour parts makes 3D 
printing suitable for such disciplines where visual features represent a key 
factor, such as architecture, art and design (Gibson et al, 2001).        
 Similar to the SLS process, support features are not required in 3DP, as 
the printed part is supported by the surrounding powder material. In some 
particular circumstances, where large overhanging features are fabricated, a 
support structure can avoid displacement or fracturing phenomena during 
manufacturing or part retrieval.  
 
3.4.2 Building Materials 
 
 
The range of materials in 3DP is frequently updated by ZCorporation, in 
an attempt to improve the overall quality of the built parts. Depending on the 
specific application, appropriate materials can be selected. In this project, the 
combination of ZP130® (plaster-based powder) and ZB58® (binder) was 
adopted. However, building materials are constantly replaced by new products. 
Powder materials available at time of writing were: ZP150®, plaster-based 
powder for common application, ZP14® for investment casting applications, 
ZP15e® for flexible part manufacturing and ZCast® used for direct metal casting 
(Bassoli et al., 2007). 
The powder characteristics can significantly affect the accuracy of the 
printed part (Dimitrov et al., 2006). For instance, ZP14®, a starch-based powder, 
was demonstrated to offer less accuracy and poorer mechanical properties than 
conventional plaster-based powders, which include additional additives (Yao 
and Tseng, 2002). For casting applications, ZCast® allows values of accuracy 
consistent with traditional processes; final accuracy in the order of ±0.38 mm 
and surface roughness (Ra) (untreated) of 200-300 µm (Bak D., 2003).  
The powder’s specific surface area, which measures the total surface 
area per unit of bulk material, could influence the final result of a 3D printed 
part. The higher value of the specific surface area of a powder corresponds to 
small cross-sectional area of printed primitives, which dictate the minimum 
feature size achievable in a 3D printing process (Holman et al., 2002b). In 
addition, high values of density in the powder bed correspond to low 
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compressibility values. This permits the layers displacement to be minimized 
and, consequently, to improve the final accuracy (Lee et al., 1995).     
 
3.4.3 Printing Parameters 
 
 The ZPrint™ software, which controls the 3D printer, allows the setting of 
several process parameters (Table 3.1), such as: 
 
• Powder/binder combination: a range of default settings can be selected, 
corresponding to the adopted building materials. 
• Binder saturation (Shell/Core): this parameter controls the Binder/Volume 
ratio (Fig. 3.5). The default value varies for each selected powder.  
• Layer Thickness: as other RP processes, is it possible to control the 
layer thickness, which is between 0.0875mm and 0.1mm. 
• Bleeding compensation along x,y, and z direction: this parameter 
compensates the dimensional error of the finished part, caused by the 
excessive bleeding of the jetted binder  within the powder. It is possible 
to define a negative off-set to reduce the dimension of the built part. 
 
Table 3.1: Default printing settings available in ZPrint™ (v7.6) software for Spectrum 
Z510™ 3D printer. 
Powder Shell  
Binder/Volume 
Core 
Binder/Volume 
X 
Off-set 
(mm) 
Y 
Off-set 
(mm) 
Z 
Off-set 
(mm) 
Layer 
Thickness 
(mm) 
ZP130® 0.2755 0.1377 0.1422 0.1295 0.0990 0.100 
ZP131® 0.2342 0.1171 0.1143 0.0965 0.0686 0.100 
ZCast® 0.2028 0.0526 0.3048 0.3048 0.2540 0.125 
ZP140® 0.2342 0.1171 0.1194 0.1067 0.0965 0.100 
ZP15e® 0.1304 0.0434 0.0254 0.0254 0.0000 0.175 
 
 High orders of dimensional variation can result from different printing 
settings. Although some parameters are default values, such as bleeding 
compensation, ZCorporation recommends a calibration procedure, in order to 
adjust these off-set values (Spectrum Z510™ 3D printer – Hardware manual). 
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The extension of binder bleeding depends on several factors, such as humidity, 
temperature and powder condition.    
 
 
Fig. 3.5: Jetting strategy followed during 3DP process. An external shell is produced at 
high saturation, while the internal structure (core) comprises of areas printed at high 
saturation and the surrounding region at low saturation (Spectrum Z510™ 3D printer 
hardware manual).  
 
3.4.4 Accuracy of 3DP process  
 
 The accuracy of 3DP part depends on many factors, such as material 
characteristics, nominal dimensions, printing parameters, post treatment 
procedures and infiltrating agents. 
 Compared to other RP processes, 3DP is not very accurate. Dimitrov et 
al. (2004) compared it to SLS, and demonstrated that SLS is about an order of 
magnitude better. Ippolito et al. (1995) analysed the accuracies of other major 
RP technologies (SLA, FDM and SLS), and they were better than the accuracy 
of 3DP. Dimitrov et al. (2006) assessed the error of 3DP part compared to 
nominal dimensions. Deviations in the order of ±0.50mm from nominal values 
were measured. The analysis was performed on plaster-based prototype parts 
produced with Z100 powder.  
 The surface finish of 3DP is also poor compared to other RP processes, 
such as SLS, SLA and FDM. Ra between 12µm and 23µm has been measured 
(Campbell et al., 2002), which could vary depending on materials used and type 
of post-processing. 
Interior area printed at 
lower saturation (Core) 
External shell printed at 
higher saturation 
Interior infrastructure printed at 
higher saturation 
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 Position of the parts within the building chamber can also determine a 
different level of accuracy. Stopp et al., 2008 measured deviations in the order 
of 0.4mm±0.2mm, depending on position and orientation of built parts. They 
proposed a calibration procedure in order to reduce the error. Another study 
showed that placing the made-up objects at the right side of the chamber, 
instead of the recommended left side, can reduce the manufacturing-time and 
the binder consumption (Yao and Tseng, 2002).  
   
3.4.5 Infiltration as a Post-Processing Technique for 3DP parts 
 
3.4.5.1 Principles of Infiltration 
 
 
 Infiltration of liquids into porous media is a general physical phenomenon 
occurring in both natural and man-made environments. This process depends 
on several factors, such as the quality of materials (permeability of medium and 
viscosity of the fluid), temperature and pressure, as suggested by the Darcy’s 
law   

	



            (1), an expression of 
conservation of momentum, originally determined by Henry Darcy in the 1856, 
and derived from the Navier-Stokes equations (Darcy, 1856) (Fig. 3.6):  
 
      

	



            (1)
    
  
 where Q represents the unit of volume per time (m3/s), k is the 
permeability (m2), A is the cross-sectional area of the medium to flow, µ is the 
dynamic viscosity of the fluid (Kg/(m*s) or Pa*s), and Pb and Pa are the pressure 
values at the inlet and outlet of the medium. 
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Fig. 3.6: Diagram of Darcy’s law.  
  
 If there is a pressure gradient, flow will occur from high pressure to low 
pressure. Therefore, high pressure conditions or vacuum, can improve the 
infiltration process. 
 Infiltration can also occur spontaneously, in the case of low wetting angle 
between the fluid and the porous media. Traditionally, 90º has been taken as 
critical angle for spontaneous infiltration, but studies demonstrated that in some 
cases such angle is lower (Yang and Xi, 1995). Different models of porous 
media infiltration have been proposed in the literature, taking into account 
governing capillary forces within the pores (Alleborn and Raszillier, 2004). 
 
3.4.5.2 Infiltrant Materials adopted in 3DP 
 
Infiltration is a common post-processing technique in 3DP, usually 
performed to improve the surface properties, the mechanical properties and, in 
some applications, to modify the porosity of the part. Several infiltration 
materials are proposed by ZCorporation, such as epoxy, wax, cyanoacrylate 
and elastomers. Each of these agents has different capacity to alter the 
properties of the printed parts: 
• Epoxy (Z-Max™) allows good levels of mechanical strength. The 
penetration is typically in the order of few millimetres. It permits 
sanding and machining of the model, as stated by ZCorporation. 
The curing time depends on the adopted epoxy and varies from 
few hours to 2-3 days. 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 3 – Additive Manufacturing in Medical Applications  44 
 
• Cyanoacrylate (Z-Bond™ 101) provides a hard surface coating 
and a low level of penetration, approximately 1mm. Complete 
curing occurs in the order of minutes. 
• Elastomer: this infiltrant agent provides flexibility to the part, 
similar to rubber. It must be employed with appropriate powder 
(ZP15e®).The cure time is relatively long, approximately 1 day. 
• Wax: it is adopted for a purely visual model and not recommended 
for a functional part. It provides minimal strength, despite the high 
penetration level. Complete cure occurs in the order of tens of 
minutes. 
  
Pilipovic et al., (2009), performed several mechanical tests on 3DP 
specimens infiltrated with commercial cyanoacrylate and epoxy resin. It was 
shown that samples infiltrated with cyanoacrylate presented higher mechanical 
strength and flexural strength then epoxy. Frascati (2008) compared the 
mechanical properties from several infiltrant products, comprising of two types 
of cyanoacrylate and several types of epoxies, including Z-Max from 
ZCorporation. The tensile strength and mechanical strength of Z-Max was 
significantly higher than other commercial epoxies. 
The infiltration of a ceramic material with some substances, can 
determine considerable improvements, in terms of fracture strength or 
compression strength (Gomez de Salazar et al., 2006; Lam et al., 2002). The 
effects of a double-infiltration technique have also been ascertained 
(Suwanprateep, 2007). This study showed how a second infiltration could 
improve the mechanical properties in terms of flexural strength and strain at 
break of a 3DP part, especially in wet conditions. The second infiltration 
permitted to fill the 7% of pore space, unfilled by the first infiltration. 
In some applications, such as tissue engineering, post-treatment 
processes have to be used to obtain biocompatible or biodegradable parts 
(Stampfl and Liska, 2005).  
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3.4.6 Medical applications of 3DP  
 
 
In several circumstances, surgery planning represents a cardinal element 
in the successful outcome of an operation. 3DP technology, as many other RP 
processes, is frequently employed for the fabrication of anatomical models, 
which are used as evaluation and planning aids, as in the case of the 
separation of conjoined twins (Christensen et al., 2004). Owing to the rarity of 
this congenital malformation and the intrinsic complexity of such cases, 
conjoined twins represent a extremely challenging operation, even for expert 
surgeons. A case of 6-months-old conjoined craniopagus twins was illustrated. 
Several CT images revealed that the twins had their own brain, contained in a 
single skull. In addition, they shared the cerebral vascular system. Surgery 
planning was crucial for this complex case. A full body model and a brain model 
were manufactured with the 3D printing technique. The full body model was 
1.83 m long and it weighted 45.36 kg (Fig. 3.7). This body model allowed the 
engineers the development of an adequate surgery table, as well as it permitted 
the planning of all the steps performed during the surgical procedure. The twins 
were successfully separated and the physical models revealed a significant 
contribution to the final result. 
 
 
Fig. 3.7: 3DP brain model with highlighted vascular system (left) and 3DP full body model 
of conjoined twins (right) (Christensen et al., 2004). 
 
Cubitus varus deformity is a complication occurring in the humerus of 
children. It is traditionally treated with corrective osteotomy of the distal 
humerus. Understanding the components of the deformity is essential, and pre-
surgical planning can be very helpful. Two female patients with cubitus varus 
deformity were treated in the study presented by Mahaisavariya et al. (2006). 
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CT scanning was performed with a Philips CT scanner (Tomoscan AV). Then, 
the 3D model was reconstructed with Mimics and a physical model of the 
deformed anatomical site was manufactured with a 3D printer (ZCorporation) 
(Fig. 3.8). The 3DP humerus permitted the surgeons to plan the position and 
type of fixation devices. In addition, the surgeon had the possibility to simulate 
the corrective osteotomy on the prototype humerus, ensuring a positive 
outcome of the operation.  
 
 
Fig. 3.8: 3D printed deformed humerus to plan the corrective osteotomy (Mahaisavariya 
et al., 2006). 
 
In addition to common fabrication of anatomical models, extensive 
research has been conducted in terms of other possible uses of 3DP, such as 
tissue engineering. Innovative building materials (powders and binders), have 
been researched for the manufacturing of ceramic scaffold for bone growth 
promotion.  The powder-binder combinations play a crucial role in the biological 
response of surrounding tissues, following implantation. Biocompatible 
materials have to be employed. For instance, calcium-phosphate-based 
ceramics are widely used in medicine as bone substitutes. HA and other 
calcium phosphates, such as α- or β-Tricalcium Phosphate (α- or β-TCP), 
exhibit an adequate biocompatibility, because of their chemical and structural 
similarities to the inorganic phase of human bone.  
 
In the study presented by Khalyfa et al. (2007), a particular powder-
binder combination was presented. They developed a powder mixture, 
composed by tetracalcium phosphate (TTCP) and β-TCP. The binder was an 
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aqueous citric acid solution. Several specimens were printed with a Z402 printer 
(ZCorporation), obtaining acceptable results in terms of intersecting channels 
and porosity. Two different post-processing techniques, a sintering and a 
polymer infiltration, were performed, in order to improve the mechanical 
properties of the samples. Preliminary citocompatibiliy tests showed a positive 
reaction in terms of cell adhesion. 
 
Igawa et al. (2006) proposed in their study a tricalcium phosphate implant 
made with Z406 printer, adopting α-TCP as powder material (Fig. 3.9). They 
performed an in-vivo evaluation of the efficiency of the scaffold, in terms of bone 
regeneration. First, CT images of the skull of seven beagles were acquired. 
Following the 3D reconstruction of the anatomical area of interest (calvaria) with 
Mimics, the researchers designed a particular scaffold, which fitted within the 
skull defect. After 24 weeks following the implantation, a significant bone 
regeneration was observed within the structure. The histological analysis and 
further CT scanning revealed that bone invaded the internal cylindrical holes of 
the scaffold.    
 
 
Fig. 3.9: Tricalcium phosphate scaffold manufactured with Z406 printer (Igawa et al., 
2006) 
 
 
 
48 
 
4. Simulation in FESS Surgical Training 
 
 
In this chapter an overview of current methods of FESS training will be 
presented. A description of sinus anatomy will provide an understanding of the 
risk correlated to this practice. The proximity of important structures, such as 
the brain, carotid artery and optic nerve, contributes to increase the intrinsic risk 
in this surgery. The development and evaluation of appropriate surgical skills is 
required to reduce serious complications, which can be fatal, but also may help 
to contain the potential costs sustained by the Health Service to cover the 
consequences of such surgical errors. The demand for efficient methods of 
training is constantly increasing. In such a way, surgical training is believed to 
be vital for medical students and residents in order for them to acquire the 
knowledge required to perform the tasks they will encounter throughout their 
careers. Recently, the appropriateness and effectiveness of the training 
undergone by surgical students is highly topical. Consequently, training 
methods for surgical practice are under examination and new efficient tools are 
being investigated. 
     
4.1 Anatomy of Paranasal Sinuses 
 
The sinuses are air-filled spaces located within the bones of the skull and 
face. The different areas stretch out behind the cheekbones, backwards 
approximately as far as the ears, and into the forehead above the eyebrows. 
These structures generally comprise of thin bony elements coated by an 
external mucosal layer. The paranasal sinuses provide several functions, such 
as humidifying, warming and filtering the inhaled air (Jones, 2001). They assist 
in three main tasks of the nose, such as olfaction, respiration and protection, by 
providing a large surface area of mucus-lined cavities to filter small particles in 
the air, after the nasal hair have removed larger particles. This filtering function 
is essential in removing dust, pollen and germs form the respiratory system. It is 
also believed that sinuses contribute to the voice timbre. Others state that the 
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sinus cavities serve to reduce the weight of the head, and to facilitate the 
flexibility of the neck (Takahashi, 1984).  
There are a total of four paired sinuses: frontal, ethmoid, maxillary and 
sphenoid sinuses (Fig. 4.1).  
 
  
Fig. 4.1: Endonasal sinuses anatomy. The location of the ethmoid, maxillary, frontal and 
sphenoid sinuses has been depicted (© Courtesy of Nucleus Medical Art, Inc, Kennesaw, 
Georgia, US). 
 
The nasal septum separates the left and the right nasal airway. The 
anterior portion is made of flexible cartilage. The bony posterior part is 
constituted in two different components, the perpendicular plate of the ethmoid 
bone and the thinner vomer bone (Casano, 1999).  
An important structure, called the lateral wall, includes part of the 
ethmoid and maxillary sinus, the nasal and the inferior turbinate bones (Fig. 
4.2). The superior, middle and inferior turbinates project from the lateral wall. 
Each of these structures overlies an airspace known as meatus.  
Sphenoid sinus 
Ethmoid sinus 
Maxillary sinus 
Frontal sinus 
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Fig. 4.2: Lateral wall and inferior, middle and superior turbinates have been shown.  
 
The maxillary sinuses are the largest of the paranasal sinuses, located 
under the eyes in the maxillary bones. The size of these sinuses is variable. 
Normally, they have a volume of approximately 15ml and dimensions of 
approximately 34mm in height, 33mm in width and 23mm in depth (Quinn et al., 
2002) in adults. The medial wall of the sinuses is composed principally of 
cartilage and the floor is formed by the alveolar process of the maxilla.  
The frontal sinuses are situated behind the superciliary arches (Fig. 4.1). 
Normally, they are not symmetrical and the septum between them, frequently, 
deviates to one side or the other of the middle line. Usually, their approximate 
adult dimensions are 30mm in height, 25mm in width and 25mm of depth. Each 
sinus opens into the anterior part of the corresponding middle meatus through 
the frontonasal duct. The mucous membrane of these sinuses is innervated by 
the supraorbital nerve and supplied by the supraorbital artery and anterior 
ethmoidal artery.  
The ethmoid sinuses are often subject to endoscopic sinus surgery. 
Located between the nose and the eyes (Fig. 4.1), they comprise of different air 
cells within the ethmoid bone divided by bony structures (e.g. septa) as thin as 
0.5mm. Ethmoid sinuses are usually grouped as anterior and posterior ethmoid 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 4 – Simulation in FESS Surgical Training  51 
cells. Posterior cells are generally fewer in number and larger than the anterior 
cells.  
The lateral wall, separating the ethmoid from the eye’s orbit, is the lamina 
papyracea. This is a particularly thin structure, in the order of 0.2mm. Lamina 
papyracea represents a high risk location for surgery, due its proximity to the 
eyes and optic nerve (Fig. 4.3). A particular structure is the basal lamella of the 
middle turbinate. It represents the separation line between the anterior and 
posterior ethmoid cells.  
 
 
Fig. 4.3: CT image of human sinus complex. Anterior Ethmoid (AE), Posterior Ethmoid 
(PE), Sphenoid Sinus (SS), Lamina Papyracea (LP), Eye (E), Optic Nerve (ON) and Carotid 
Artery (CA). 
 
The sphenoid sinuses are located on the back region of nasal complex, 
adjacently to vital structures (Fig. 4.3), such as the carotid and optic nerves. 
They vary in size and shape, and they are rarely symmetrical (Enatsu et al., 
2008). Normally, their adult dimensions are approximately 22mm in height, 
20mm in width and 22mm of antero-posterior depth. Some neurosurgery 
procedures use the sphenoid sinus to access the brain region and skull base.   
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4.2 FESS 
 
FESS is a term coined by ENT surgeon Dr. David Kennedy in 1985 to 
describe the diagnosis and treatment of diseases of the nose and sinuses using 
endoscopic instrumentation. The adoption of an endoscope allows better and 
more precise visualization without the need for external incisions. In addition, 
FESS results in less swelling, bleeding and discomfort compared with 
conventional external surgery. 
FESS is a common procedure within current ENT hospital departments. 
It is normally performed in the case of nasal obstructions, injuries, cancers and 
other pathologies, where pharmacological therapy cannot solve the problem. 
Sinus surgery is considered a destructive procedure, which involves the precise 
removal of diseased sinus tissue with the improvement in the natural drainage 
channels by the creation of a pathway for infected material to drain from the 
sinus cavities. FESS greatly improves the patient’s health by restoring free 
breathing. Complementary benefits of this operation include a possible 
reduction in allergy-related symptoms, a decrease in the occurrence of sinusitis, 
and sometimes a reduction in nasal-related headaches.  
Although nasal surgery is common and has become more sophisticated 
over the years, this is not considered a simple procedure. During sinus surgery, 
the surgeon inserts an endoscope, or camera-tipped probe, into the sinus 
passageway to observe the procedure on a monitor during the operation. The 
surgeon adopts other instruments, such as small forceps, needles and scalpels 
for manipulating, injecting or resecting tissue, depending on the area of interest. 
The range of bones within the sinuses and their respective physical properties 
means that the surgeon has to be sufficiently skilled in the use of a wide range 
of tools. For thick bone, drilling tools may be adopted to precisely remove bone 
tissue from the area. Intermediate thicknesses of bones may be removed using 
a large cutting-through device or “punch”. Thin bony elements, such as those in 
the ethmoidal complex, are conventionally removed using tools known as 
rongeurs (Fig. 4.4), which use a pincer-like action to resect the bone and allow 
the surgeon to remove sections. Other types of tissue, such as cartilage and 
soft tissue, are manipulated during surgery, adopting appropriate tools. The 
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sinuses are lined with a thin mucous membrane; a layer of soft, moist tissue 
which is covered with a layer of mucus.  
Surgery in and around the sinus complex involves very high risk for the 
patient, and requires a high level of specific skill from the surgeon. Surgeons 
must pay particular attention and recognize anatomy landmarks to ensure that 
they do not damage brain or other at risk structures.  
 
Fig. 4.4: A typical endoscopic instrument employed in FESS surgery (left). An image of 
the interior of the paranasal complex as it appears through the endoscope during FESS 
(right).    
 
4.2.1 Clinical Conditions in FESS 
 
Within FESS procedures several severe situations may occur (Kinsella et 
al., 1995). The complexity of the anatomical site limits the spatial orientation, 
and the proximity of at risk anatomical structures, such as the skull base or the 
carotid artery. The sphenoid sinus is located near the skull base, very close to 
the optical nerve and pituitary gland which could be damaged. The internal 
carotid artery also runs laterally to the sinus. The size of the carotid artery 
varies between patients, and may only appear as a bulge in the lateral wall of 
the sphenoid sinus. This means that the surgeon has a really small margin for 
error with very severe consequences for the treated patient (Jessica, 2003). 
Carotid injury is potentially fatal. Surgery in the area of the ethmoid presents 
elevated risk for the patient, due to the reduced thickness of basal lamella, 
which separates the sinus from the brain. Leaking of cerebrospinal fluid 
resulting from the damage of basal lamella can cause infections or meningitis in 
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the patient. Other negative outcomes include permanent numbness of the upper 
teeth, palate or face. 
 
4.3 The Role of Surgical Training 
 
The current standard of surgical care in ENT procedures involves the use 
of endoscopic cameras and microscopes, requiring elevated hand-to-eye 
coordination, an accurate command of fine motor skills, and an extended 
knowledge of the anatomy under magnified vision. A surgeon's disorientation or 
loss of perspective can lead to complications, often catastrophic and 
occasionally fatal.   
In the United States, potentially preventable medical errors that occur 
during or after surgery cost employers nearly $1.5 billion a year, according to 
figures by the Department of Health & Human Services' (HHS) Agency for 
Healthcare Research and Quality (AHRQ) (Encinosa and Hellinger, 2008). The 
National Patient Safety Agency (NPSA) in United Kingdom reported that 
between 1 April 2007 and 31 March 2008 there were 135,247 incidents in 
surgical specialties (Reporting and Learning System, 2008).  It emerged that 
around eleven people a day are seriously harmed during surgery. The number 
of major errors has risen by 28 per cent from 2003 to 2008.  
As a result, more emphasis has been given by public authorities to the 
need of adequate training in clinical practice. Many efforts have been invested 
by government and National Health Service (NHS) in the UK to provide and 
improve training programmes. For instance, the Trent Simulation and Clinical 
Skill Centre (TSCSC) at the Queen Medical Centre (QMC) in Nottingham was 
inaugurated in 2003. It is a dedicated centre where healthcare staff, comprising 
of nurses and doctors, can access appropriate skills education and 
improvement. In particular, the introduction of a human patient mannequin 
offers the opportunity for team based training in a safe environment. This 
project work has been conducted in conjunction with the QMC. 
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4.3.1 Traditional Education in Surgical Practice 
 
In most current training programs, trainees begin learning surgical skills 
in theatre by observing, and then assisting mentors, before being allowed to 
operate under supervision. Frequently, unskilled trainees learn to practice 
surgical procedures on actual patients, which cannot be considered a totally 
safe teaching approach. The students’ training is lengthy, with gradual 
increased involvement in patient treatment, spending time observing 
experienced surgeons and growing their responsibilities in the operating theatre 
in order for them to acquire and develop new skills (Snyderman et al., 2007; 
Vozenilek et al., 2008). This decision is remanded to the trainer, who conducts 
a primary subjective assessment over the students’ performance. Often, 
students are judged on the base of factual knowledge and not from objective 
assessment. Deficiencies in a student’s performance are difficult to identify and 
address without objective feedback. The transfer of knowledge from senior 
surgeons and observation of manual tasks by trainees could lead to the 
heritage of systematic errors and incorrect procedures. It was found that a 
clinician performance did not necessarily correspond to a vast professional 
experience (Ericsson et al., 2008).   
The learning curve of surgeons is often defined by the number of 
operations that they must perform before reaching a sufficient experience at 
which there is a low surgical complication rate. This can be between 15 and 100 
operations, depending on the speciality involved (Lehmann et al., 2005). The 
learning curve for FESS appears relatively long (Marks, 1999). Complete 
acquisition of some tasks such as spatial orientation appears to be relatively 
time consuming (Bakker et al., 2005). Owing to this fact, an extensive and 
efficient period of training is justified. Despite the potential risks occurring in 
FESS, resident trainees are not always properly prepared, giving modest 
consideration to possible severe consequences in FESS. Decision making is a 
relevant skill in surgery and it is normally the responsibility of the tutor while the 
training is being completed. It has been estimated that the role of decision 
making entails 75% of an operation and the remaining 25% depends on the 
manual proficiency (Spencer, 1978).   
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Modern academic teaching hospitals offer an increasing amount of 
specializations, which results in more complex and challenging surgical cases. 
With the advent of new surgical procedures, the requirement for increasingly 
complex skills is more evident. Surgery of the sinuses and other areas, such as 
abdomen, increasingly employs endoscopic techniques. They have been shown 
to dramatically reduce morbidity, recovery times and cosmetic detriment 
(Dumay et al., 1995). 
The entire system relies on the performance of operations resulting in 
high complication rates until the student improves, which is widely criticised. 
The risk results from critical situations being dealt with by trainees, who are 
required to manage a crisis under stressful conditions. In addition, patients are 
becoming increasingly concerned that students and residents are practising on 
them, and an elevated pressure is mounting on the hospitals to show that all 
efforts are made to place patient safety as the priority (Torkington et al., 2001). 
In some cases, new surgeons have started to perform FESS, without having 
attempted to any training programme or cadaver dissections (McFerran et al., 
1998). It is in this scenario that simulation for surgical training appears a key 
alternative to improve the proficiency of surgeons and increase patients’ safety 
(Ziv, 2000).  
 
4.4 Simulation-Based Surgical Training 
 
Simulation is an educational strategy used to teach technical skills, 
procedures, and operations by presenting learners with situations that mimic 
reality. Surgical simulation involves the use of objects, devices, electronic or 
mechanical surgical simulators, cadavers, and animals to reproduce situations 
that are likely to occur in actual performance. Surgical competence comprises a 
combination of technical and cognitive skills, decision-making ability, 
communication skills, leadership skills, and professional ethics. Simulation 
offers the possibility to practice both cognitive and technical skills without the 
risk of patients’ injury, and also without the pressure typical of actual operations 
(Okuda et al., 2009). In addition, simulation can resemble particular 
intraoperative complications, which the trainees must learn to handle (Fried et 
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al., 2004). For instance, in a real operation, errors must be prevented or 
terminated immediately to protect the patient. In a simulation-based training, 
errors can be tolerated and the trainee can learn the implications of the error, 
how to react to an error or how to rectify it.  
 
4.4.1 Animal Models 
 
Animal models have been widely adopted for surgical simulation. Owing 
to the anatomical differences between humans and animals, these models are 
inappropriate for purposeful training. The procedures can be performed either 
in-vivo or ex-vivo. The first is more expensive as it requires dedicated facilities, 
and also veterinary staff for the sedation and monitoring of the animal. 
Alternatively, the trainees can operate ex-vivo on anatomic sections obtained 
from euthanized animals. The samples can be prepared and frozen ready for 
use at a later time. The cost of this solution is relatively low when compared 
with in-vivo procedures.  
For instance, an ex-vivo animal model has been proposed for FESS 
simulation (Ram et al., 1999). The model consisted of a dissected sheep head, 
which was manipulated to resemble human sinus dimensions. This model 
allowed the trainees to learn handling skills and rudiments of sinus procedures. 
However, the difference of the sheep sinus compared to human, could not 
permit the learning of detailed anatomy. One of the major benefits was  the low 
cost.  
Animal models can offer an approximate haptic feeling, similar to that 
found on human tissue. Although, the differences in anatomical features, 
coupled with ethical and cost limitations, makes this method less attractive for 
surgical simulation. 
 
4.4.2 Virtual Simulator 
 
After being widely employed for aeronautical training, VR has been 
applied to some examples in the clinical field (Ota et al., 1995). Principally, VR 
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systems consist of a computer display and a workstation with permanently 
mounted surgical-like tools (Fig. 4.5).  
 
Fig. 4.5: Example of sinus representation with virtual simulator for FESS developed at 
Stanford University (www.wired.com). 
 
These tools cannot be removed and have limited motion. Several 
simulators have been developed, especially for minimally invasive surgery like 
FESS (Raestrup et al., 2001; Rudman et al., 1998; Caversaccio et al., 2003; 
Cakmak et al., 2005). Normally, a 3D visualisation of anatomical features is 
gathered from CT or MRI images. The simulation software needs to balance 
between speed of processing and quality of rendering. Sometimes the level of 
detail is sacrificed in favour of a faster representation (Wiet et al., 1997). Many 
simulators offer also a feedback haptic force to be integrated in the 
representative surgical tools. However, the tissue properties are not perfectly 
reproduced due to computational limitations.  
Some improvements have been observed following the use of surgery 
simulators, especially in terms of orientation in the operation anatomical space 
and regarding the handling of relevant instruments, owing to awareness of 
spatial orientation requiring relevant experience (Monahan et al., 2007). 
For instance, a virtual training system for FESS has been presented by 
Pößneck et al., 2005. A virtual model, based on MRI data acquired from a real 
patient, was developed. Then the segmented data were processed by a 
modelling software for deformable objects, in which each single point may be 
appointed with the established parameters of elasticity, stiffness and relation 
with adjacent points. The lower and middle turbinate, as well as a few ethmoid 
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cells were modelled. The texturing of the inner structures was performed 
imitating realistic effects, such as reflection of the camera spot, moist surface 
and blood vessels shining through. The results evidenced a tendency for 
improved orientation, a reduction of the operating time and a decreased failure 
rate. In addition, the appearance was considered adequate by the surgeons 
involved. 
An attractive feature of virtual simulators is the possibility to track and 
record several measurements during the training, such as the time taken to 
complete a required task, the errors made during the procedure and the 
efficiency of the performed movements. This data can be then used for an 
objective assessment of the trainee’s performance, without the need for the 
mentor to be present.   
Despite some relevant advantages, the virtual simulation requires 
significant investment in terms of time and costs for the development phase. 
This poor accessibility is one of the limitations for a wide spread of VR 
technology within clinical facilities. Frequently, the number of relevant surgical 
cases is not enough to justify the investment and employment of a virtual 
simulator. Despite this, VR systems have been employed for basic handling and 
dissection procedures on surgical training programs, a poor quality of tissue 
reproduction, time consumption and costs were evidenced as some of the 
disadvantages of this technology (Byron et al., 2006; Caversaccio et al., 2003).  
 
4.4.3 Cadavers 
 
The use of human cadavers for surgical training represents the “gold 
standard” within medical practice (Blaschko et al., 2007). Cadavers represent a 
good tool to learn accurate human anatomy, although it could slightly vary from 
subject to subject. This method is perceived as the most realistic example of 
actual operative conditions, although deterioration to tissue characteristics could 
drastically alter the experience (Rosen et al., 2008). Post-mortem cadavers 
undergo a putrefaction process, which can be slowed or limited for example by 
freezing or special conservation methods (An and Draughn, 2000). The effect of 
tissue deterioration is one of the main drawbacks for the use of cadavers for 
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training courses. The haptic force experienced through the surgical instrument 
during dissection can be significantly different to that perceived in-vivo, as 
affirmed by our project expert surgeon (Mr. Sama). In addition, general 
appearance of cadaveric tissue, such as colour and texture, is often dissimilar 
to living tissue. A major disadvantage of cadavers is the impossibility to simulate 
specific complex cases or specific forms of pathology. This is a crucial feature 
within simulation devices. For instance, the presence of a tumour within the 
sinus structures or eventual bleeding cannot be provided by a cadaver. 
 A substantial issue surrounding surgery simulation using cadavers is 
ethics. Since the latest update to the Human Tissue Act came into enforcement 
in the United Kingdom in 2006, consent is required for the adoption of human 
tissue for research, transplants, education and training; cadavers may no longer 
simply be used as they become available. Before using a post-mortem cadaver 
for training purposes, the use, the type of training that will be performed, visible 
effects of this training on the body and views of the deceased’s family, 
surgeons, residents or students must all be taken into consideration. If consent 
was not expressed by the deceased person, subjects of an appropriate 
relationship may decide on their behalf in regard to the use of the tissues and 
organs. The traditional educational practice of using dissection of cadavers to 
allow students to observe pathological conditions, anatomical abnormalities and 
variations that may be present in future cases is therefore affected by the 
Human Tissue Act, and the regulations on the use of organs that it enforces 
(Taylor et al., 2007). 
Other main disadvantages of cadavers are their reduced availability and 
high cost, which both contribute to limit their adoption within training 
programmes. 
 
4.5 Physical Phantoms for Simulation-Based Surgical Training 
 
Physical phantoms involve the use of synthetic materials, such as plastic, 
rubber and latex. Within the different methods to improve surgeon skills, 
practicing on realistic physical anatomical models offers many advantages. 
Therefore, a physical model could be a promising alternative to virtual 
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simulators, which require considerable improvements. In fact, reproduction of 
tactile and force sensations (haptics), may not be completely achieved in virtual 
reality.  
A review of the most advanced physical models proposed in the literature 
permitted the evaluation of advantages and drawbacks of such devices. The 
aim was to describe the scenario in which this project is introduced, in order to 
understand the real needs of both trainees and mentors, and also to highlight 
possible improvements to actual training tools.  
   
• In general endoscopic surgical practice, box trainers represent an 
affordable although simplistic choice for educate new surgeons.  The trainees 
use real instruments and optical systems to perform basic tasks and manipulate 
synthetic tissue representations. Box trainers help to develop the hand-eye co-
ordination and motor skills necessary for specific tasks such as cutting, 
grasping or clipping structures. Basic skills such as suturing and knot-tying can 
effectively be acquired on these models. However, the anatomical 
representation of target structures is completely absent in this kind of training 
tools, and they are not useful for expert surgeons to improve their skills. 
 
• An alternative plastic phantom for FESS training has been 
proposed by Binder et al., 2007. A cadaveric head has been sectioned in 
several slices of approximately 20mm thickness. Then, each slice was filled with 
silicone rubber in order to obtain a negative cast, which was used as pattern for 
the casting of polyurethane elastomer. Stacking the five plastic slices, obtained 
from the negative casting, a 3D phantom of the cadaveric head was produced. 
This training model was evaluated by specialized surgeons (Briner et al., 2007). 
Positive impressions on the achieved anatomy of the sinuses have been 
expressed. Although the basic procedures of FESS might be performed, the 
rubber-like material constituting this model appeared too elastic and is not 
considered to be replaceable once dissected, as the whole phantom would 
have to be substituted. This characteristic resulted in an unrealistic behaviour of 
the sinus elements, especially in terms of surgical cutting properties. In addition, 
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real conditions occurring in surgery, such as bleeding, have not been 
reproduced. 
 
 
Fig. 4.6: Training model for ESS training in silicon rubber. (Briner et al., 2007) 
 
• A second physical model for FESS training is called S.I.M.O.N.T. (Sinus 
Model Otorino-Neuro Trainer) (Nogueira et al., 2008) (Fig. 4.7). The 
methodology followed for the manufacturing is not described in detail by the 
authors. Bony structures have been recreated adopting a resin material, 
simulating human bone. Some elements such as the frontal sinus, lateral wall, 
some ethmoid cells and anterior sphenoid cells have been reproduced.   
 
       
Fig. 4.7: Mannequin phantom (left) and endoscopic view (right) of S.I.M.O.N.T. model 
(Nogueira et al., 2008). NS nasal septum, MT middle turbinate and IT inferior turbinate. 
 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 4 – Simulation in FESS Surgical Training  63 
 
The bony structures were then covered by a particular material called 
Neoderma™ (Pro Delphus, Recife, Brasil), which simulates the consistency and 
appearance of soft tissue and mucosa. Some soft tissue structures such as 
septum, turbinates and uncinate process were created separately with a 
Neoderma™ and resin compound. Turbinates, lamina papyracea, uncinate 
process, septum and bulla ethmoidalis were assembled and glued together in 
order to obtain the entire sinus model. This phantom allowed resection using 
the same instruments adopted in real surgery, and this aspect has been 
appreciated by doctors of different levels (Nogueira et al., 2008). It is not clear 
whether RP has been adopted for the manufacturing of elements of the model. 
It seems evident that the manufacturing method required a labour intensive and 
highly-skilled job to assembly together the separate elements of the sinus, 
which have to be precisely arranged and positioned. Although the external 
appearance is rather satisfactory, the manufacturing process of this phantom 
might not be as flexible and time and cost efficient as complete production by 
RP.  The faithfulness of such phantom is also questionable, due to the absence 
of tomographic images or other data used as reference. In addition, it is unlikely 
that a custom model of a specific case could be feasibly reproduced. No 
information was available about the cost of this phantom, although it is expected 
to be in the order of few thousands of pounds. 
 
4.5.1  Physical Training Models Fabricated by Rapid Prototyping 
Means 
 
• In the work of Suzuki et al., 2004, a RP phantom of temporal bone, 
comprising of the ear complex at the lateral region of the skull, has been 
proposed (Fig. 4.8). They introduced this phantom as an alternative to the 
dissection of human samples from cadavers. A CT scan of a human temporal 
bone was performed with an Asteoid™ MDCT scanner. The slice thickness was 
set at 0.5mm. Then, the medical images were segmented and stacked, in order 
to reconstruct a 3D virtual model. Following the conversion to STL format, the 
data were transferred to an SLS machine. The manufactured phantom was 
tested with conventional surgical tools, in order to evaluate its effectiveness as 
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a surgical training tool. Several anatomical structures, such as malleus and 
incus, have been reproduced. In addition, bone-like features were noted, such 
as hardness and reaction to surgical instruments; given that the materials used 
concerned a thermoplastic polymer, this is considered questionable. The validity 
of this RP temporal bone phantom for surgeon education has been expressed. 
However, SLS did not permit the reproduction of soft tissue structures, such as 
skin, nerves or mucosa. 
 
 
Fig. 4.8: RP physical model of temporal bone (Suzuki et al., 2004).  
 
• Other studies involved the modelling of temporal bone, to be used in 
surgical practice. Schwager et al., 2003, proposed a ceramic model, made of a 
calcium sulphate material. The model has been manufactured adopting a 3DP 
technology (ZCorporation©). This ceramic phantom was adopted for a temporal 
bone surgery course in Bugando Medical Centre, Mwanza, Tanzania. Several 
advantages of this model were evidenced, such as the capability to expose 
many anatomical structures, i.e. dura and blood vessels. Although, the ceramic 
model appeared an efficient tool for education purposes, the inability to 
reproduce the smallest structures, i.e. labyrinth, should be noted. No indication 
has been given by the authors about the type of infiltrant materials applied to 
the part. Soft tissue elements were not reproduced. 
 
• An interesting physical model of the paranasal sinuses was developed by 
the National Institute of Advanced Industrial Science and Technology (AIST) 
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(Yamauchi et al., 2004). Subsequently, a derived version has been offered by 
SurgTrainer, Ltd (Ibaraki, Japan) (Fig. 4.9).  
 
 
Fig. 4.9: Modelled parts of paranasal sinuses (left down), the facial cover on silicone 
rubber (up-left) and  CT images of the RP model (right). (SurgTrainer Ltd, website)  
 
A 3D CAD model was obtained from CT images. Owing to the limited 
resolution of conventional CT (0.5mm), some thin structures, such as the 
ethmoid complex, were manually introduced in the CAD design, with the advice 
of expert surgeons. Once completed, a physical model was fabricated with RP 
technology, apparently 3DP and SLS, and coated with a resin, i.e. acetyl 
cellulose. The complex structure of ethmoid sinus and the typical mucous 
membrane were reproduced. Positive feedback was received from surgeons, 
particularly on trials of surgical procedures involving dissection and cutting. In 
addition, a convenient feature was represented by the replaceable sinus parts, 
which aimed to reduce the cost for the training model. The proposed paranasal 
phantom could be manufactured adopting two different materials, choosing 
between a plaster powder bound with adhesives (3DP) and a nylon sintered 
powder (SLS). The nylon version is stiffer and more rigid than the plaster-based 
model, and for this fact, it is not suitable for training in surgical dissection, but 
only for visualization. Some positive impressions on this model concern the 
possibility to interchange single portions of the sinus, without replacing the 
entire model. Overall, the model seems slightly inaccurate in resembling some 
sinus areas, such as the ethmoid sinus.  
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• A physical model has been developed by Grunert et al. 2006, who adopted 
3DP technology. In their work CT images were converted to STL and a 3D 
model was produced with a Z510™ Spectrum printer (ZCorporation©). The 
printed model was then infiltrated with polyurethane and acetone to resemble 
human bone properties. In this case, the simulation system was developed as a 
modular structure, in order to contain the running costs and to allow the 
replacement of dissected areas. The petrous bone module could be replaced 
after dissection, although the skull module remains the same. An interesting 
feature of this simulation model was the post-RP inclusion of fibre optic wires 
and conductive wires within the skull, in order to represent risk structures, such 
as the optic nerve. Any damage to these structures during dissection was 
detected by an electronic monitoring system and recorded. The number of 
errors and indication of damage could be quantified. Following a survey 
conducted by a group of doctors, some structures, such as the mastoid’s 
cavities, were considered not realistic enough. This was due to the presence of 
unbound plaster which could not be removed from the closed cavities of the 
model. Apparently, no colours were applied to the model during the 
manufacturing process. Despite the anatomical accuracy of the model, the 
external appearance did not resemble the texture of human tissue. The model 
was produced from a single CT data set, excluding the possibility to resemble 
complex cases or custom made models. 
 As with other proposed physical training phantoms, the realistic 
behaviour of the prototyped structure when undergoing surgical procedure has 
not been quantified. The evaluation of its effectiveness was limited to a 
qualitative survey by clinical experts, without providing sufficient objective data 
to be compared with biological tissue. 
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4.5.1.1 Summary of Existing Phantoms for Surgical Training 
 
Physical Model 
 
Material Advantages Drawbacks 
Briner et al., 2007 -silicone rubber -good anatomy and 
texture 
-unrealistic behaviour 
under dissection, too 
elastic 
-high cost 
-single use of the 
model 
-heterogeneity of 
sinus tissue not 
reproduced 
Schwager et al., 
2003 
-3DP material -similarity with bone 
tissue 
-positive response to 
surgical instruments 
-absence of soft 
tissue 
-smallest bony 
features not 
reproduced 
Suzuki et al., 2004  -SLS material -produced from CT 
-reproduction of small 
anatomical details 
-realistic response to 
surgical instruments 
(clinician) 
-absence of soft 
tissue features 
Nogueira et al., 2008 -Special resin (Bone 
tissue) 
-Neoderma™(Soft 
tissue) 
-realistic appearance 
-good anatomical 
details 
-reproduction of 
tumours/polyps 
-heterogeneity of 
sinus tissue 
(bone/soft tissue) 
-manufacturing 
time/cost 
-no correspondence 
to real patient/not 
produced from CT 
-quality dependent on 
manual skills 
-no specific complex 
case resembled 
Yamauchi et al., 
2004 
-plaster/nylon (Bony 
tissue) 
-coating of acetate 
cellulose 
-silicone (mucosa/soft 
tissue) 
-appreciable 
anatomical details 
-modular system 
-speed of RP 
-produced from CT 
data 
-unrealistic soft 
tissue/bone structures 
-nylon-made model 
used only for 
illustration 
-limited sinus 
anatomy (ethmoid 
cells) 
-real cutting force not 
documented/not 
reproduced 
Grunert et al., 2006 -plaster 
-infiltrated with 
polyurethane resin 
-modular system 
-at risk structure 
included 
-error tracking and 
objective assessment 
of trainee’s 
performance 
-produced from CT 
data 
-speed and flexibility 
of RP 
-unrealistic soft 
tissue/bone structures 
-real cutting force not 
documented/not 
reproduced 
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4.6  Hypothesis 
 
 
FESS requires specific skills, such as an elevated degree of spatial 
orientation and anatomical knowledge. Conventional surgical training methods 
for FESS comprise low fidelity physical models and cadavers, which are not 
representative of relevant tissue properties. The requirement for efficient 
training programmes has been supported by major NHS organizations.  
The need to investigate a possible alternative to existing surgery 
simulation tools has been highlighted. Some invaluable factors such as fidelity, 
flexibility and reduced costs need to be integrated in this new solution. 
The adoption of an Additive Manufacturing technique, such as 3DP, may 
facilitate this. This technology may provide complex anatomical structures with 
specific pathology representation in a relatively short time and low cost, which 
represents a key advantage. The adoption of 3DP technology as a 
manufacturing technique may provide several advantages, such as high 
flexibility in terms of production numbers, and a low investment requirement 
compared to the costs sustained for the development of a Virtual Simulator or 
for tooling-based manufacturing solutions. In addition, the fabrication of 
personalized sinus phantoms would allow the establishment of highly structured 
surgical training, which consider both neophytes and expert surgeons might be 
involved.       
The potential use of 3DP for reproducing realistic structures similar to the 
human sinus will be investigated in this research. 
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5. Research Plan 
 
 
In this chapter, a description of the research plan is reported, in order to 
clarify the several phases of investigation, which aimed to address the 
objectives identified in section 1.4, such as: 
 
a) Understanding the anatomy and composition of the target anatomical 
region. 
b) Ascertaining the clinical requirements of the discipline. 
c) Defining the target properties of biological tissue to be reproduced in the 
physical phantom. 
d) Determining appropriate methods to alter the 3DP models according to 
the required target properties. 
e) Designing and producing a suitable simulation phantom. 
   
 Additional objectives addressed the requirements of the sub-project 
conducted in collaboration with NPL, concerning the development of a neo-natal 
skull phantom for ultrasound testing, such as: 
 
f) Developing an accurate and consistent method for the in-process 
embedding of components (thermocouples) into a part produced by 
additive manufacturing (3DP) means. 
g) Accurately monitoring the embedding process, in particular the position 
and integrity of the component (thermocouple). 
 
 The plan of research is presented separately for the COMBO project 
(primary project) in Fig. 5.1, Fig. 5.2 and Fig. 5.3. The research plan concerning 
the NPL sub-project is described in Fig. 5.4. 
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Fig. 5.1: Schematic description of the research plan concerning the characterisation of 
the human sinus tissue, according to the objectives a), b) and c) of the COMBO project. 
 
 
Characterisation of sinus tissue 
Anatomical Characterization 
Objective a) 
Accessibility to sinus region – 
Intrusive/Non-Intrusive techniques 
Requirements: resolution, 
scanning protocol, in-vivo or post-
mortem tissue. 
Imaging method (X-ray, CT, 
micro-CT, MRI, etc.) 
Scanning of sinus region 
Evaluation of tomographic images 
by clinician (Mr. Sama) 
Image processing 
Selection of target 
tissues/features to be evaluated 
Measurement methodology 
Data processing 
Data evaluation by 
clinician 
Mechanical Characterisation of sinus tissue 
Objectives b) and c) 
Clinical requirements in FESS – 
qualitative assessment of target 
properties (Mr. Sama) 
Conventional Mechanical Testing 
Development of custom test 
method for mechanical 
characterisation 
Mechanical testing of tissue 
Test multiple sources 
Data evaluation 
Effect of geometrical 
characteristics/mechanical properties 
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Fig. 5.2: Schematic description of the research plan concerning the replication of the 
sinus tissue characteristics into 3DP samples, obtained by variations of the materials 
and internal structure of 3DP parts. This work addresses the objective d) of the COMBO 
project. 
Replication of sinus tissue properties with 3DP material 
Variation of materials 
Objective d) 
Geometric characteristics of sinus 
Test sample design 
Materials selection  
Post-processing technique 
(infiltration)  
Mechanical properties of 
prototype parts 
Comparison with mechanical data 
of sinus tissue 
Qualitative evaluation by ENT 
surgeon (Mr. Sama) 
Method refinement 
Variation of internal structure of 3DP parts 
Objective d) 
3D printing parameters 
accessibility 
3DP internal structure variation 
Printing parameters 
(binder saturation) 
Geometry 
In-process assessment of internal structure 
Video system design and fabrication 
Validation of video system 
Characterization of internal features 
(shell, core) 
Mechanical properties vs. 
internal structure characteristics Replication of sinus 
geometrical properties 
Replication of sinus 
mechanical properties 
Method refinement 
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Fig. 5.3: Schematic representation of the research plan regarding the development of the 
sinus phantom for surgical training, which corresponds to the objective e) of the COMBO 
project. 
 
 
 
 
 
 
 
Sinus Phantom Development 
Clinical requirements: training 
procedure/organization, ergonomics, 
etc. – discuss with Mr. Sama 
Reverse engineering of human 
sinus/skull 
Selection of CT dataset 
(Sama, Watson) 
3D model reconstruction 
STL-file generation 
Skull + sinus phantom design 
Sinus modules configuration 
Selection of the manufacturing 
process 
Phantom manufacturing 
Skin covering 
Method for skin model 
generation: CT/MRI dataset, 
laser scanning, etc. 
3D model reconstruction/STL 
generation 
Skin covering 
manufacturing (Watson) 
Phantom design and development Objective e) 
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Fig. 5.4: Schematic representation of the research plan regarding the sub-project in 
collaboration with NPL, which aimed to develop a neo-natal skull phantom for test of 
medical ultrasound equipment. The research addresses the objectives a)-g) of the sub-
project (NPL). 
Neo-natal skull phantom for ultrasound testing/training 
Define acoustic properties of bone 
Objectives b), c)) 
Define anatomical characteristics of 
neonatal bone Objectives a), c) 
3DP specimens design  
3DP post-processing 
methods - Objective d) 
Assessment of acoustic 
properties of 3DP prototype 
samples (NPL) 
Comparison with acoustic properties of 
neo-natal bone (NPL) 
3DP material definition (NPL) 
Thermocouple (TC) embedding 
Objective f) 
NPL requirements/specifications 
Preliminary test/method definition 
Thermocouple selection 
Control of thermocouple 
positioning/integrity - Objective g) 
In-process video control 
Objective d) 
Ultrasound scanning (NPL) 
Method validation (NPL) 
Phantom manufacturing - Objective e) 
Reverse engineering/ 
CT dataset 
CAD design of skull 
Skull manufacturing 
TC embedding 
Skin Manufacturing 
NPL 
requirements/specifications 
Materials selection 
Manufacturing process 
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6. Characterization of Human Sinus Tissue by 
Imaging Techniques 
 
6.1 Introduction 
 
The first phase of this research aimed to obtain information about the 
paranasal sinuses, in terms of geometrical characteristics and constituent 
tissues, which is fundamental in order to replicate a complex and 
heterogeneous structure such the sinus. Despite the large amount of data 
available in the literature concerning physical properties of human tissues 
(Cowin, 2001; Currey, 2002; Fung, 1993; Wnek and Bowlin, 2008), detailed 
information about the single structures of the sinus have not been documented.  
FESS is mainly concerned with the resection and removal of tissue 
elements from within the sinuses, utilising endoscopic surgical instruments. The 
ENT surgeon collaborating in this project, Mr. Sama, emphasized the 
heterogeneity of the sinus tissue, comprising of bone, cartilage, mucosal tissue, 
and other types of tissue, which inevitably determines the tactile response 
perceived during surgical cutting. He stated that the tactile response perceived 
through the instrument is dependent on the specific location within the sinus 
complex. Owing to this fact, the geometry and composition of the sinus cannot 
be neglected for a realistic simulation model, which must replicate the same 
physical characteristics of human sinus. Therefore, a holistic description of the 
anatomical elements to be reproduced in a realistic sinus phantom had to be 
performed. 
All tests in this research project involving human cadavers were 
conducted in accordance with guidance from the NHS Ethics Research Service 
and Human Tissue Act 2004 (www.nres.npsa.nhs.uk). The latter stated that a 
consent from the patient is not required when the researcher is not able to 
identify the person or when the human tissue is imported, as it occurred in this 
case, where the cadaver was imported from the United States. It must be also 
stated that no human tissues of any kind entered or were tested at 
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Loughborough University, but only within QMC Hospital (Nottingham, United 
Kingdom) and University Hospital of Copenhagen (Denmark).  
 
6.2 Selection of Scanning Techniques for Sinus 
Characterization 
 
 In order to characterize the sinus tissue, in terms of geometry and 
internal structure, it was necessary to identify an appropriate technique. The 
role of the ENT surgeon, Mr. Sama, was crucial in this task. In clinical practice, 
several non-invasive scanning techniques are traditionally adopted for the 
analysis of human tissue (Section 2.1). They normally comprise 2D X-ray, CT, 
MRI, and Ultrasonography. Depending on the type of tissue to be analyzed a 
specific scanning methodology is selected. Other factors, such as required 
resolution, radiation exposure, and analysis cost, play an important role in the 
device selection and adopted protocol.  
 In the case of surgical practice involving the nasal complex, spiral CT 
imaging represents the standard technique (Bernhardt et al., 1998; Perez-Pinas 
et al., 2000). Conventional 2D X-ray scanning is rarely employed due to the 
inefficiency in describing the intricate structure of the sinus (Garcia et al., 1994; 
McAlister et al., 1989). In addition, CT images are essential for the navigation 
system, which is frequently used in FESS, in order to orient the surgeon within 
the sinus space during the surgical procedure.  
 Other techniques, such as MRI and Ultrasonography, were not 
considered adequate by the clinician for the characterization of sinus tissue, 
due to the lower resolution of such technologies compared to CT. In some 
clinical cases, MRI could be employed for the evaluation of soft tissue 
structures, in particular pathologic tissues. CT imaging allows the accurate 
description of bony tissue elements, and it is frequently employed in clinical 
radiology for diagnostic purposes. The exposure to ionizing radiation during CT 
scanning, as with other X-ray-based techniques, represents a critical issue for 
its employment. Scanning protocols are traditionally followed in CT radiology, in 
order to minimize the patient’s exposure to radiation.  
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 A great benefit of CT imaging is the possibility to reconstruct a 3D 
representation of the scanned element. The DICOM images produced by the 
CT scanning can then be successfully imported into specific software, such as 
Mimics, where a 3D CAD model of the anatomical part can be obtained (Section 
3.1.1). 
 
6.3 Clinical CT Scanning from Living Patients 
 
 The aim of this part of the research was the characterization of the 
structures comprising the sinus complex. As mentioned in the previous section, 
the diagnostic technique of paranasal complex involves the use of CT scanners 
(Perez-Pinas et al., 2000). The achievable resolution of CT imaging, with a pixel 
size between 0.5 and 1.00mm (Section 2.1.2), allows the evaluation of the 
paranasal complex in a non-invasive manner.  
 
 Despite the extensive amount of clinical CT images available, in 
accordance with the ENT surgeon Mr. Sama, it was decided to not adopt them 
into this research, because of the inefficiency of CT scanner in describing the 
inner structure of sinus elements themselves. One of the aims of this study was 
to accurately describe the heterogeneous structure of the sinus complex, which 
comprises of different tissues, such as cortical and trabecular bone, soft tissue 
and other components. The surgeon stated that the morphology of the inner 
features of sinus elements was not visible with clinical CT images. He also 
mentioned that the quality of the CT images might be improved by performing 
the scanning at higher radiation dosage than recommended in standard 
protocols. Some parameters of the scanning such as the scanning time and the 
power of the CT scanner are limited by Health and Safety Regulations, in order 
to minimize the exposure of patients to radiation. Owing to this fact, the quality 
of the CT images is partially reduced. 
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6.4 CT Scanning of Cadaveric Human Head 
 
 Owing to the restriction of the clinical CT scanning protocol described in 
the previous section, the surgeon proposed to perform the CT scanning at high 
radiation exposure, in order to improve the quality of tomographic images, 
compared to clinical CT images. Due to ethical reasons and NHS regulation, 
high dosage CT scanning cannot be tolerated for living patients. Cadaveric 
tissue appeared the solution for such scanning protocol. However, the cadaver 
had to respond to essential requirements, recommended by the surgeon, 
including: 
 
• Adult age of the cadaveric subject 
• Fresh frozen status of the cadaveric tissue 
• No pathological conditions affecting the sinus complex (tumours, etc.) 
 
For this purpose, a cadaveric human head was purchased by the QMC 
hospital in Nottingham. The condition of the cadaveric tissue was in line with 
requirements above. The cadaveric head has been scanned with conventional 
helical CT (Fig 6.1). However, a higher dosage protocol, compared to the 
traditional clinical protocol, was adopted for the scanning. Obviously, this 
methodology could not be employed with a living patient because of the 
potentially harmful level of radiation.  
 
  
Fig. 6.1: Image obtained by spiral CT performed on cadaveric head (left). Detail of the CT 
slice is shown (right).  
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The spiral CT produced images of 512X512 pixels, with a resolution (i.e. 
xy voxel size) of 0.5mm. The evaluation of the images performed by the 
surgeon confirmed that a better contrast was achieved through the higher 
dosage protocol (Fig. 6.1). 
However, due to the small size of sinus bone structures, frequently 
ranging between 0.2 and 0.5 mm, the voxel size offered by clinical CT imaging 
was not sufficient for this task. The achieved resolution of this specific CT 
scanning did not respond to the Nyquist-Shannon theorem, which states that 
the resolution (i.e. voxel size) of the scanning apparatus should be at least half 
of the dimension to be reconstructed, in order to avoid aliasing phenomena. In 
addition, the clinician affirmed that the heterogeneity of the sinus bone tissue, 
such as cortical and trabecular bone, was not clearly identifiable.  
For this reason, a different scanning technique had to be employed. 
Further scanning by micro-CT was attempted, following advice of surgeon Mr. 
Sama, in order to characterize sinus structures and pursue a higher level of 
detail.  
 
6.5 Micro-CT Scanning Of Human Sinus and Characterization 
of Constituent Tissues 
 
 The adoption of micro-CT for non-destructive scanning of bone samples 
and other materials has been widely documented (Ruegsegger et al., 1996; 
Postnov et al., 2006). Micro-CT is capable of achieving resolutions in the order 
of a few microns, and is employed for scanning a vast range of materials, such 
as biological tissues (bone, cartilage, nerve, tendons, etc.), ceramics, plastics, 
and metals (Section 2.1.3). Micro-CT appeared a befitting solution for the 
scanning of sinus complex, in particular of its internal characteristics. 
6.5.1 Cadaveric Sample Preparation for Micro-CT Scanning 
   
 A limitation to the adoption of micro-CT for the scanning of the sinus 
cadaveric sample was the maximum physical sample size allowed by the 
scanner, which also determines the achievable resolution of the acquired 
images. The maximum sample size is related to the desired resolution by a 
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factor of approximately 1000, that is, a resolution of 10microns limits the 
maximum sample size to approximately 1cm (Engelke et al., 1999). A sample 
size of 10cm would have corresponded to a resolution of approximately 100 
microns.  
 Due to the sample size limit imposed by the micro-CT, it was not possible 
to scan the whole cadaveric head. Therefore, the clinician considered it 
opportune to harvest a portion of the head, comprising the entire sinus complex 
(Fig. 6.2). The internal elements of the sinus complex were left intact, and the 
ethmoid sinus, sphenoid sinuses, frontal sinuses and part of the maxillary 
sinuses were included. The dimensions of the sample size were assessed by 
physical measurement, using a digital calliper. Particular attention was taken to 
avoid displacement of soft tissue during the measurement, due to the pressure 
of the calliper’s jaws on the tissue. The size of the cadaveric sample was in 
accordance with the requirement of the micro-CT analysis, and it was in the 
order of 100 mm or less, per side (Fig. 6.2). A resulting maximum resolution in 
the order of 100 microns was to be expected (Engelke et al., 1999). Such 
resolution was considered acceptable by the clinician in order to broadly 
characterize the geometry and internal characteristics of the sinus structures. A 
higher resolution could have lead to the description of finer details; however the 
reverse engineering and fabrication of features smaller than 100 microns is not 
achievable by most RP technologies.       
 
 
Fig. 6.2: 3D reconstruction of the scanned portion of human sinus from different points 
of view obtained with Mimics® 13.1 (Materialise, Leuven, Belgium). Relative dimensions 
have been reported. 
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6.5.2 Micro-CT Scanning 
 
The cadaveric sinus sample was scanned with micro-CT equipment.  
Over 800 slice images were produced, each of which could be viewed 
sequentially in order to explore the progressive geometric variation throughout 
the specimen. 
A preliminary evaluation of the acquired images, performed by the ENT 
surgeon, confirmed that micro-CT scanning resolved architectural details within 
the specimen and characterized internal structures to a greater resolution than 
that of clinical CT (Fig. 6.3). For instance, density variation and internal porous 
trabecular bone structures could be clearly identified by the clinician (Mr. Sama) 
in thinner sections of the ethmoid complex.  
 
  
Fig. 6.3: Sinus scanning performed with a conventional CT at high dosage (left), 
compared with the high quality offered by micro-CT (right).  
 
The resolution achieved by the micro-CT scanning in this specific case 
has been calculated by comparing several physical measurements of the 
cadaveric sample through a digital calliper, with a resolution of ±0.01mm. The 
voxel size was assessed to be 0.112 mm, and this value was scaled by physical 
measurement of the cadaveric sample. This voxel resolution was adequate for 
the description of the small sinus structure typical of ethmoid complex, which 
can be as thin as 0.2mm (Shannon, 1949).  
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6.5.3 Image Processing Of Micro-CT Slices 
 
 In order to improve the quality of the micro-CT slices, several image 
processing methods were applied. For this important step, ImageJ (National 
Institute of Health, USA, http://rsb.info.nih..gov/ij) was employed as imaging 
software. First, the 800 slices were converted to 8-bit format and imported as a 
stack, in order to apply the image processing method to all the images at the 
same time. The window level was adjusted to exclude the scattering 
phenomena at the background and also to slightly improve the contrast (Fig. 
6.4). The parameters were so fixed at level 132 and window 166. The window 
defines the range of grey values that are included in the new image; the level 
defines the middle value of the window. Grey values outside the window are 
excluded. 
 
   
Fig. 6.4: Example from window level adjusting: before (left) and after (right). 
 
 Then, a median filter was applied to the entire stack, with a kernel radius 
of 2.5 pixels. This is a conventional phase of image processing, normally 
adopted to reduce noise (Fig. 6.5). Compared to other filters, such as an 
average filter, it preserved higher level of detail. 
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Fig. 6.5: Example of median filter result: before (left) and after (right). 
Following the noise reduction, the images were visibly smoothed. An 
“unsharp mask” method was chosen to increase the contrast of the structures 
and to allow a better identification of edges (Fig. 6.6). Parameters of “unsharp 
mask” are radius and mask weight, respectively set at 1 pixel and 0.7. 
 
   
Fig. 6.6: Effect of unsharp mask application on micro-CT picture: before (left) and after 
(right). 
 
Finally, each one of the 800 images was scaled by a factor of 4, through 
a linear interpolation method. This allowed the change from 764X557 to 
3056X2028 image dimension. 
 
6.5.4 Characterization of Micro-CT Images 
 
 The aim of this investigation was to describe the images obtained from 
the micro-CT scanning of the sinus cadaveric sample, in terms of constituent 
tissues. Following a first evaluation of the slices, the surgeon confirmed the 
presence of different types of tissues, such as bone and soft tissue (mainly 
mucosa). In addition to a qualitative analysis of the sinus structures, an 
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objective assessment of the sinus composition and geometry was required, in 
order to better address the reverse engineering process of these elements. The 
study, described in the following sections, focused on the measurement of the 
most representative structures within the sinus complex, and the quantification 
of principal tissue types, such as bone and soft tissue, which are present in 
these sinus structures. 
 
6.5.4.1 Definition of Threshold Ranges 
 
 
 The micro-CT produced 8-bit greyscale images. Differently from clinical 
CT scanners, which produced DICOM files, the micro-CT images are exported 
in TIFF format, which did not contain information about the tissue density 
parameters. Therefore, a correspondence between grey values and tissue 
density was not available. For instance, default Hounsfield ranges offered by 
Mimics at the time, could not be employed for images produced by micro-CT. 
For this reason, the support of the ENT clinician was crucial in order to identify 
the types of tissue present within the micro-CT images, and define a 
relationship between greyscale and tissue density.  
 For this, a classification of the existing tissues and their relative gray-
value range was performed, with the advice of the surgeon, Mr. Sama. Some 
sample cross-profiles were calculated for each of the areas of interest (Fig. 6.7).  
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Fig. 6.7: Example of cross-profile analysis to determine the tissue classification. 
 
Evaluating the profiles of the anatomical regions (e.g. turbinate, maxillary 
wall, etc.), the presence of three main tissues was noticeable, which were 
classified by the surgeon into high-density bone, medium-density bone and soft 
tissue. The classification of bone into high and medium density was based on a 
practical need for the reverse engineering, and it did not necessarily correspond 
to the real composition. The relative gray-scale ranges were: 140-210, 71-115 
and 45-70. Some grey values were excluded from the analysis in order to avoid 
incorrect classification of these pixels, such as the range of grey values 
between 116 and 139. Owing to partial volume issue, the pixels in this range 
cannot be definitively assigned to one tissue type group, such as medium 
density or high density bone. The example ranges were only used for 
measurement purposes and not for a 3D model reconstruction.   
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6.5.4.2 Cross-profile Acquisition from Micro-CT Images and Data 
Processing 
 
 
 The following phase consisted in the quantification of the tissues present 
within a group of sinus structures, which were considered representative by Mr. 
Sama:  
 
• Bulla ethmoidalis 
• Lamina papyracea 
• Middle turbinate (small, medium and large) 
• Maxillary wall (small and large) 
• Posterior ethmoid 
• Uncinate process 
• Superior turbinate 
 
 A series of 10 cross-profiles were acquired for each of the selected sinus 
structures. The drawing and acquisition of the cross-profiles was performed with 
ImageJ software. The cross-profiles were manually introduced on the micro-CT 
images, and they were oriented perpendicularly to the analyzed sinus structure.  
 After the grey values of the cross-profiles had been obtained, they were 
imported in Excel® for processing purposes. An algorithm was implemented in 
order to automatically classify the grey values of the cross-profiles into the 
specific tissue type. It was crucial to limit the “partial-volume” effect, which could 
affect the measurements (Section 2.2.3). For this purpose, a processed grey 
value was considered part of a tissue type range if it was within an off-set of 
±5% (Fig. 6.8) (Hangartner, 2007).   
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Fig. 6.8: Schematic representation of pixel classification. Pixels were considered part of 
the plateau if within an off-set (T1) of 5%, in order to minimize the “partial-volume” effect, 
affecting measurements. 
 
The algorithm comprised of the following steps: 
  
 The ∆ was calculated: 
∆                 , … ,                   (2) 
  
 Where  represented the grey value at the i-position of the profile, and 
 was the total number of profile values. 
 A series of logical conditions were used for the classification of  in the 
appropriate tissue type: 
 
   0     1 
 "  #  $%&'()*+,- 
  " 
|∆/|
0/
1 5%  
   " 	 # 45 5 	 1 70   
     , 7 8  9:*;< <::+=  
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 Where 9 corresponded to the threshold ranges previously settled in 
accordance with the surgeon. 
 Afterwards, the number of elements (pixels) of each 9 group was 
assessed, in order to quantify the average amount of high and medium density 
bone, and soft tissue.  Conversion of the average values (voxel amount) into 
metric units (mm) was performed. 
6.5.5 Results of Micro-CT Characterization 
 
The results of the micro-CT characterization depicted a useful overview 
of the composition and thickness of the sinus structures. From an initial 
impression, some specific areas, such as the middle turbinate and the superior 
turbinate, presented a total dimension between 0.88mm and 2.07mm, typically 
thicker than other sinus structures (Table 6.1).  
 
Table 6.1: Thickness of sinus structures calculated from micro-CT images.  
Sinus Structure High 
density 
bone (mm) 
Medium 
density  
bone (mm) 
Soft tissue 
(mm) 
Total 
(mm) 
Bulla ethmoidalis 0 0.16 0.48 0.64 
Lamina papyracea 0.07 0.19 0 0.26 
Middle turninate (small) 0 0.23 0.65 0.88 
Posterior ethmoid 0 0.19 0.1 0.29 
Medial wall (small) 0.12 0.11 0.29 0.52 
Uncinate process 0 0.32 0.28 0.6 
Middle turbinate 
(medium) 
0.04 0.38 1.13 1.55 
Medial wall (large) 0.11 0.25 0.48 0.84 
Superior turbinate 0.06 0.35 0.66 1.07 
Middle turbinate (large) 0.07 0.41 1.59 2.07 
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It was also noted that a major proportion of the thickness of turbinates 
was soft tissue, which constitutes the main tissue component (Fig. 6.9). An 
overview of the graph confirmed the small thickness of many structures within 
the sinus.  
The measurements reported in Table 6.1 showed that most of the sinus 
structures, such as bulla ethmoidalis, lamina papyracea, posterior ethmoid, 
uncinate process and maxillary wall, were between 0.26mm and 0.84mm thick.  
 
 
Fig. 6.9: Results from micro-CT measurements. 
 
 
6.6 Review of Results 
 
 In this chapter, an appropriate scanning method for the characterization 
of the sinus tissue has been pursued. Clinical CT imaging was not considered 
appropriate for this task, due to the limited resolution and restrictions to dose 
exposure. Further scanning tests with CT apparatus were conducted on a 
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cadaveric human head, adopting a high dosage protocol. The level of detail 
achieved with such scanning methodology was not considered satisfactory by 
the surgeon. Micro-CT scanning was selected for a further test of the cadaveric 
sample, which was sectioned in order to adapt it to the size requirements of 
micro-CT. A voxel size of 0.112mm was achieved by the micro-CT scanning, 
which was limited by the overall size of the sinus sample. The acquired images 
offered an appreciable level of detail, which allowed the assessment of 
geometry and internal characteristics of the sinus structures.   
 The heterogeneity of the sinus complex, which comprised of different 
type of tissues (bone and soft tissue), was confirmed by the surgeon’s 
evaluation and/or measurements conducted on the micro-CT images. A series 
of cross-profiles of representative elements of the sinus was analyzed. 
Information regarding the thickness range of sinus structures and composition 
were obtained.   
  The dataset of micro-CT images will be utilized for reverse engineering of 
the cadaveric sinus in order to fabricate a sinus phantom.  
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7. Characterization of Mechanical Properties of 
Sinus Tissue 
 
7.1 Introduction 
 
 In the previous chapter, the anatomy of the sinus was analyzed. In 
particular, the internal structure of the paranasal region was characterized, 
through measurements conducted on micro-CT images. It was possible to 
obtain an extensive amount of information concerning the types of constituent 
tissues of the most representative areas of the sinus. In this chapter, the 
research focuses on the definition and measurement of some mechanical 
properties of sinus tissue, which are then used as benchmark values in the 
manufacturing of synthetic tissue with 3DP process. 
 
7.2 Target properties 
  
 Sinus surgery primarily concerns destructive methods involving the use 
of several endoscopic instruments, normally adopted to grab, resect and 
remove the sinus tissue. As stated by the surgeon collaborating in this project 
(Mr. Sama), the perception felt through the surgical instruments during cutting is 
a crucial aspect. The act of cutting and removing small fragments of bone tissue 
constitutes the main part of the sinus surgical procedure. Therefore, any 
variation on the physical properties of the structure could induce a different 
tactile response perceived through the surgical instrument during resection. In a 
similar way existing physical models and some VR and cadaveric models do not 
effectively reproduce the mechanical properties of living tissue. Consequently, 
the trainees experience of the behaviour of sinus tissue during dissection, could 
be different to that of operating in-vivo. FESS is a complicated procedure, 
where a deep anatomical knowledge and accurate motor-skills are paramount. 
Therefore, the realism in terms of physical properties of a phantom and the 
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tactile response during resection is crucial, as was emphasized by the clinical 
collaborator. 
 At this point of the research, the quantification of the forces experienced 
through the cutting instruments during operation was fundamental. 
 
7.3 General Methods for Mechanical Testing of Human Bone 
Tissues 
  
 A large amount of literature concerning mechanical properties of human 
bone tissue, both trabecular and cortical bone can be found (Cowin 2001; 
Currey, 2002; Fung, 1993; Lynch, 1982; Wnek and Bowlin, 2008). Bone 
specimens are normally harvested from human cadavers, and adequately 
prepared for mechanical testing. General available methods are discussed in 
the following sections. 
 
7.3.1 Sample Preparation 
 
 Due to bone being a living composite material, methods of sample 
preservation, sectioning, and mechanical fixation must be considered, in order 
to ensure that reliable test results are obtained. Storage and handling of 
samples following removal from the body is found to induce changes in the 
order of 10% (Panjabi et al., 1985). Any treatment of bone, which changes the 
nature or relative composition of these components, can influence mechanical 
behaviour. The properties of fresh tissue can vary in a short period of time if 
bone is allowed to dry. For example, bone specimens maintained at room 
temperature for 24 hours without preservation can result in a Young’s Modulus 
decline up to 3% (Sedlin and Hirsch, 1966). For accurate testing results 
therefore, it is best to test bone in its hydrated condition.  
 Bone samples should be stored below -20°C within 1 hour of being 
harvested. For long-term storage, bone should be frozen and kept as moist and 
hydrated as possible (Komender, 1976). In order to minimize freeze-drying of 
the bone tissue, the surrounding musculature and other tissue should be left 
intact, or wrapping the bone in saline soaked gauze, which will minimize the 
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effect of freeze-drying. For shorter periods of storage up to 3 months, 
specimens can be stored in a saline/alcohol solution at room temperature. It has 
been found that the storage of bone in a 50% ethanol 50% saline solution 
results in minimal changes to its mechanical properties (Ashman, 1989). It is 
desirable to maintain samples in a hydrated state where possible, prior to any 
mechanical analysis. 
 
7.3.2 Specimen Geometry 
  
 The most common specimen geometries for mechanical testing are 
cubes of length between 6 and 8 mm, or cylinders with a length-to-diameter 
(L/D) ratio between 1 and 2 and a diameter between 6 and 8mm (An and 
Draughn, 2000). A minimal dimension of 4.5mm has been used for cubic 
specimen (Hvid and Hansen, 1985). Cylindrical specimens with an L/D ratio of 2 
and a length of 2.75mm have been tested (Linde et al., 1992). 
 
7.3.3 Traditional Techniques of Mechanical Testing 
 
7.3.3.1 Micro-indentation 
 
 Micro-indentation can be used to determine the hardness of a material, 
which is defined as its resistance to penetration by another solid body, i.e. 
indenter. Hardness or indentation tests involve driving an indenter of specified 
geometry into a sectional surface of the material typically of between 1-5µm in 
depth. Depending on the forces applied and displacement obtained the 
hardness measurement can be defined as macro-, micro- or nano- scale.  
Where materials have a fine microstructure, are multiphase or non-
homogeneous, macro-indentation will be highly variable and will not identify 
individual surface features. Indentation tests have been used extensively in the 
analysis of bone hardness, where comparison of specific hardness values from 
a range of areas and samples is desired (Fini et al., 2002; Ziv et al., 1996). 
However, it is generally acknowledged that micro-indentation results of bone 
are not easily interpreted, and that the measured hardness represents a 
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combination of several material properties (Hay et al., 1998). The indentation 
test provides hardness values only for single points, and it would requires 
multiple tests to substantiate results. The anisotropic structure of bone tissue 
would determine a difference in the values measured at different points. In 
addition, indentation would not be suitable to detect and assess the role of the 
internal structures of bone. Micro-indentation is unsuitable for replication of the 
mechanical forces applied to sinus bone during surgery and although very 
accurate values for material hardness can be established, replication of cutting 
characteristics would be difficult without accurate reproduction of associated 
internal structures. Therefore, this method does not provide sufficient data to 
establish an effective means of comparison between real and synthetic bone. 
 
7.3.3.2 Tensile and Compression Testing 
 
 Tensile testing has been recognized as one of the most accurate 
methods for measuring bone properties, however bone specimens must be 
relatively large and should be carefully machined (Dickenson and Hutton, 
1977). Dimensions of specimens are dictated by ASTM or ISO standards, which 
have been adapted for mechanical testing of biological tissues (Fig. 7.1).  
 
 
Fig. 7.1: Tensile test specimen according to ISO 527:1993. l1=parallel length, L0=gauge 
length, (l3-l2)=grip length, (L-l2)=neck length, r=curvature radius, b2=specimen outer 
diameter, b1=specimen gauge diameter. 
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 In the case of cortical bone, specimens can be relatively small in size 
(gauge diameter = 3mm), due to the homogeneous microstructure of this type 
of bone (Carter et al., 1980). Specimens of trabecular bone have to be slightly 
bigger, with a gauge diameter of 5mm, due to its inhomogeneous structure 
(Goldstein, 1987).  
 Compression testing is quite popular for mechanical testing of bone 
specimens, however it tends to be less accurate than tensile testing, due to 
friction and compression-platen end effects occurring during the test (Keaveny 
et al., 1997). Another issue of compression testing is the strain concentration at 
the boundaries of trabecular bone specimens, due to the unsupported 
trabecular structures (Zhu et al., 1994). On the other hand, specimens for 
compression testing do not need to be as large as those used for tensile testing, 
and the geometry of compression test samples is easier to fabricate (An and 
Draughn, 2000).  
 Tensile and compression test methods have sample size and preparation 
requirements that can only be met through either the selective machining of 
large bones, or the testing of relatively uniform long bones. Owing to these 
considerations, traditional tensile and compression testing is inappropriate for 
testing sinus bones which cannot satisfy the specifications of these mechanical 
tests. 
 
7.3.3.3 Three- and Four- Point Bending Test 
 
 
 The purpose of bending tests is to determine the relative strength of the 
bone when loads are applied in order to generate a bending of the bone about 
an axis (Fig. 7.2). Three-point and four-point bending occurs respectively when 
three or four forces acting on a bone produce two equal moments. 
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Fig. 7.2: Example of Four-Point Bending test. 
  
A four-point bending test might be advantageous when it is unclear if the 
weakest or strongest point of the sample. As with tensile and compressive 
testing, homogeneous and symmetrical structures are required in bending tests. 
Typically, samples are machined into a cylindrical or block form, therefore 
eliminating geometric variations. Structural strength (force at yield and ultimate 
force), energy or work, stiffness and deformation can be determined from these 
testing processes (Simkin and Robin, 1973; Wallace et al., 2006). Both methods 
rely on knowledge of suitable radii of curvature on the loading surfaces and a 
sufficiently long span to guarantee an accurate test. For bone specimens, the 
ratio of length to width should be at least 20:1 to ensure shear displacements 
are insignificant (Cowin, 2001).  
 From the analysis of the mechanism of endoscopic surgical instruments 
used in sinus surgery, such as a through-cutting rongeurs, bone punches and 
others, it appeared that four-point bending would have a similarity with the 
cutting action of these tools (Fig. 7.3). 
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Fig. 7.3: Cross-section representation of a through-cutting rongeur adopted in FESS. A 
similarity with four-point bending test configuration can be noted (Radley et al., 2009).  
 
 The size of cutting head varies from between 4-8mm making replication 
by conventional mechanical testing apparatus very difficult. Four point bending 
tests have been conducted on very small bone specimens of 6mm length (Tang 
and Vashishth, 2005). However, these tests rely on longitudinal specimens 
harvested from larger cortical bone to ensure equal stress distribution 
throughout the sample. Samples harvested from certain areas of the sinus, 
such as the ethmoid complex, are extremely small anisotropic structures, 
typically between 0.3 and 1mm thick. Therefore, any machining operation on 
these samples, in order to comply with mechanical test standards, would be 
extremely complex, if at all possible. The creation of symmetrical homogeneous 
test specimens from anisotropic bone pieces harvested from the ethmoid 
complex is not feasible. Owing to this fact, the replication of cutting forces 
through the use of small scale mechanical testing equipment was not suitable 
for this project, and an alternative method had to be pursued. 
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7.4 Method for Mechanical Characterization of Human Sinus: 
Force Reading in Endoscopic Dissection (FRED) Apparatus 
 
 For a purposeful reproduction of realistic sinus phantoms, it was 
necessary to establish a single effective test to assess the mechanical 
properties of both the human sinus and synthetic phantom materials, allowing a 
reliable comparison between them. As explained on previous sections of this 
chapter, traditional mechanical testing techniques could not address such 
requirement.  
 To overcome these restrictions, a specific testing method was developed 
and adopted in this research project, which is described in the following 
sections. Part of this work, concerning the selection and modification of an 
appropriate surgical instrument, was done in collaboration with an 
undergraduate student (Geoffrey Radley). 
 
7.4.1 Measurement of Cutting Force Applied to Endoscopic Surgical 
Instrument 
 
 The direct measurement of force applied to a surgical instrument has 
been documented in several works (Chanthasopeephan et al., 2004; Greenish 
et al., 2002; Hanna et al., 2008; Rosen et al., 2008), and is performed through 
load cells, strain gauges and tactile sensors. The aim of these studies was to 
obtain objective data concerning the mechanical properties of the cut tissue. 
These values were then applied to virtual surgical simulation systems in order to 
replicate the exact behaviour of real tissue. In this project, the data obtained 
quantifying the cutting properties were fundamental as a reference for the 
optimization of synthetic materials to be produced by the rapid prototyping 
process. 
 The developed test system had to respond to some essential 
requirements, outlined after discussion with the expert ENT surgeon Mr. Sama. 
In particular it had to: 
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• Be representative of the surgical instrumentation adopted in FESS: the 
system had to characterize most of the sinus complex. A suitable 
endoscopic instrument had to be appropriately identified. 
• Be accessible by clinical staff: the system had to be suitable for the use 
of surgeons familiar with this type of surgical instruments without 
requiring complex pre-settings or calibration procedures.  
• Require minimal modification of the surgical instrument: the functionality 
of the instrument had to be preserved, in order to minimize the variation 
of the recorded force. 
• Be portable: tests on human tissue were not to be conducted within 
Loughborough University facilities, but at the hospital premises. The 
system had to be easily portable with simple assembly and installation 
requirements. 
 
7.4.2 Endoscopic Instrument Selection 
  
 Within the broad range of endoscopic surgical instruments adopted in 
FESS, it was necessary to identify an appropriate one, which could be used in a 
number of sinus surgery actions. Instruments adopted in sinus surgery 
comprise of through-cutting rongeurs, backbiting rongeurs, Hyax bone punches, 
grasping forceps, scalpels, rotary burrs (microdebriders), and many others.  
 
 
Fig. 7.4(A-C): Example of surgical endoscopic instruments adopted in FESS. A through-
cutting rongeur (A), used for cutting thin bones; a backbiting rongeur (B), similar to 
through-cutting rongeur but rotated of 180º; and a Hyax bone punch (C), used for 
resecting thick bone structures between 1mm and 3mm, such as the orbital floor.   
 
10mm 10mm 10mm 
A B C 
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 Depending on the anatomical area and surgical task, the surgeon selects 
the appropriate instrument:  
• Through-cutting rongeurs are adopted to cut sinus bone structures 
and are available in various shapes and characteristics (Fig. 
7.4A). Through-cutting rongeurs work similarly to a scissor 
mechanism; however fracture is induced along a curved cutting 
line. This kind of instrument allows controlled removal of tissue 
without tearing the mucosa, which can cause more bleeding and 
often leave the bone exposed.  
• Backbiting rongeurs, shown in Fig. 7.4B, have a similar capability 
in the removal of bone to through-cutting rongeurs, but they have 
a more complex actuation. They are employed along the line of 
entry of the bone and where the accessibility to the back area of a 
sinus structure is required. They are used in a limited number of 
cases compared to through-cutting rongeurs. 
• The Hyax bone punch is designed for resecting bone samples in 
the order of between 1 and 3mm (Fig. 7.4C). Due to the larger 
specimens involved the instrument is more robust than other 
FESS instruments. A spring lever between the instrument’s arms 
maintains the jaws open when the grip is released which prevents 
tissue from becoming lodged in the cutting head. This instrument 
is not frequently used due to the particular range of thicknesses of 
cut tissues.  
 Mr. Sama, the surgeon collaborating in this project, identified the 
through-cutting rongeur as the most appropriate instrument for testing as it is 
widely used in sinus surgery.  This type of instrument is utilized to cut and 
remove thin bony elements, such as the paranasal complex. Some thicker and 
harder bone structures, such as the orbital floor, are normally resected with the 
Hyax bone punch, which can withstand higher levels of force. 
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7.4.3 Modification of the Endoscopic Instrument for Cutting Force 
Measurement 
 
 Upon the selection of the representative endoscopic instrument the 
functionality of the instrument was analyzed to establish a correct method of 
force measurement. The operator transmits a force to the finger-loops and the 
pivoted arm moves the sliding body of the instrument which is directly jointed to 
the upper element of the cutting head of the rongeur (Fig. 7.5).  
 
 
Fig. 7.5: Endoscopic surgical instrument (rongeur) employed on the cutting test. A group 
of 4 strain gauges were applied on the arms surface. Particulars of the cutting head of 
the rongeur instrument are highlighted. 
 
The cutting action of the instrument derives from the two opposite and 
parallel forces generated respectively by the upper and lower cutting element. 
The concentration of such forces causes the tissue rupture.  
 The force applied to the finger-loops by the operator depends on the 
resistance of the material. The pressure applied to the finger-loops affect 
minimal bending of the pivoted and fixed arms which can be measured (Fig. 
7.5). Minimal machining of the arms provided directly opposing flat and parallel 
surfaces for the mounting of strain gauges (Appendix D). A strain gauge was 
applied on each side of (top and bottom of) the two arms, therefore a total 
number of 4 strain gauges were glued on the instrument’s arms (Radley et al., 
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2009). The strain gauges were specifically selected to withstand elevated 
temperatures of the sterilization process by autoclave, in case the instrument 
could latterly be adopted in real surgery. 
 The acronym FRED (Force Recording in Endonasal Dissection) was 
coined to identify this test equipment, and was used in the following sections of 
this work. 
 
7.4.4 Force Data Acquisition and Processing  
 
 The strain gauges, applied to the endoscopic instrument (Fig. 7.5), were 
coupled with a Wheatstone bridge, which translated the deflection occurring in 
the instrument’s arm into a variable voltage (V) reading. The output signal was 
acquired through a USB interface and recorded by data logger software 
(TracerDAQ®, Measurement Computing Corporation, Norton, Massachusetts), 
which stores the data on a laptop harddrive. The data was then processed 
though a macro implemented in Microsoft Excel which extracted the force 
profile and peak values corresponding to the fracture instant of the test sample 
(Fig. 7.6). In particular, the peak voltage was representative of the force 
required to cut the tissue (or material) with the endoscopic instrument. In 
addition, it permitted a direct comparison of cutting forces between biological 
tissue and synthetic material. In other studies, concerning the measurement of 
cutting forces on surgical instruments, the methodology made use of particular 
apparatus to actuate the instruments, which required substantial modifications 
to the tool architecture (Chanthasopeephan et al., 2004). In this way, they could 
calculate more detailed mechanical properties of the cut tissue. However, 
portability and realistic clinical conditions were not replicated in these studies. 
 A calibration procedure was essential to determine the relationship 
between the Analogue-to-Digital Converter (ADC) output values and forces (N) 
applied to the instrument. The upper limit of the force measurable by the 
instrument was determined at 6.323Kg (62.22N), and the signal noise was 
calculated in the order of ±0.0145V, which corresponds to ±0.0372 Kg (Radley 
et al., 2009). 
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Fig. 7.6: Screenshot of the logger software TracerDAQ® adopted to measure the fracture 
force during sinus surgical dissection. The peaks of the slopes correspond to the 
fracture instants (FI) during surgical dissection. 
 
7.5 Preliminary FRED Tests On Cadaveric Human Sinus 
 
7.5.1 Methodology 
  
 A preliminary assessment of the cutting force during surgical dissection 
of the sinus was documented by Radley et al. (2009) as part of the COMBO 
project. The fresh, frozen cadaver of an adult male, analyzed by CT and micro-
CT imaging in Chapter 6, was utilized in this test. Fresh, frozen tissue was 
chosen to reduce the effect of tissue deterioration which could have influenced 
the mechanical properties of the sinus tissue. The FRED test was performed by 
Mr. Sama, who also performed further tests on cadavers described in the 
following sections of this work. This allowed expert qualitative feedback directly 
related to quantified test data.  
 The cadaveric sample was stored and prepared at Nottingham City 
Hospital (United Kingdom), where the cutting test was performed. The sinus 
portion was harvested from the cadaver head and appropriately sectioned into 
two portions along the sagittal plane, passing through the nasal septum. This 
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separation provided access to the paranasal structures, which underwent 
testing with the FRED apparatus. 
  A group of structures of the sinus were selected for the cutting test, 
following the advice of Mr. Sama. They were judged representative of the sinus 
heterogeneity and appropriate to be cut with the surgical instrument (FRED) 
employed in the test. The sinus structures were: 
 
• Bulla ethmoidalis 
• Lamina papyracea 
• Middle turbinate  
• Posterior ethmoid 
• Medial wall  
• Uncinate process 
•  Superior turbinate 
 
 The number of cuts for each structure was limited by the element size. 
The physical measurement of the cut structures was performed by a vernier 
measuring calliper. 
 
7.5.2 Results of preliminary FRED testing 
 
The peak values of the recorded cutting forces with the FRED equipment 
were extracted and the average values in (N) were calculated for each of the 
target sinus structures (Fig 7.7) and Tab. 7.1.  
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Fig. 7.7: Results of FRED testing of the cadaveric sinus (Radley et al., 2009). 
 
Table 7.1: Results of preliminary FRED testing of cadaveric sinus (Radley et al., 2009). 
Sinus Structure Cutting Force 
 (N) 
Variation 
(N) 
Thickness* 
(mm) 
Micro-CT 
Thickness+ 
(mm) 
Number 
of Cuts 
Anterior ethmoids 4.4 0.22 0.3 - 3 
Bulla ethmoidalis 6.9 1.74 0.5 0.64 9 
Lamina papyracea 9.9 1.3 0.2 0.26 8 
Middle turbinate (small) 12.11 2.55 0.2<x<0.8 0.88 7 
Posterior ethmoid 13.6 2.61 0.1 0.29 9 
Medial wall (small) 14.52 1.44 0.2<x<0.275 0.52 4 
Uncinate process 16.74 2.49 0.2 0.6 5 
Middle turbinate (medium) 17.86 1.55 0.8<x<1.3 1.55 4 
Medial wall (large) 21.91 4.61 0.275<x<0.35 0.84 4 
Superior turbinate 23.45 0.56 0.4 1.07 3 
Middle turbinate (large) 27.94 2.55 1.3<x<1.8 2.07 4 
Note: *thickness measured with digital calliper, +Thickness measured with micro-CT images. 
 
The values for the middle turbinate have been reported separately for 
three different ranges of thickness, such as small (between 0.2mm and 0.8mm), 
medium (between 0.8mm and 1.3mm) and large (between 1.3 and 1.8). Also, 
the medial wall was classified into small (between 0.2mm and 0.275mm) and 
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large (between 0.275mm and 0.35mm) (Table 7.1). The results from the cutting 
force assessment have been also correlated with the thickness values obtained 
from tissue characterization with micro-CT imaging (Section 6.5.5). The values 
from physical measurements were not adopted because it was considered that 
they may have been subject to error caused by the displacement of the mucosal 
tissue under the pressure of the calliper jaws, which could lead to an 
underestimation of the thickness of the sinus structures.  
The results of the micro-CT characterization, presented in Section 6.5.5, 
have been plotted against the cutting force values of each sinus structure of the 
same cadaver, measured by FRED testing (Fig. 7.8).  
 
 
Fig. 7.8: Correlation of fracture force and thickness of the sinus structures (measured 
with micro-CT imaging). 
 
7.6 FRED Test of Multiple Cadavers 
7.6.1  Methodology 
 
During the preliminary FRED testing, described in the previous section, 
the cutting force exerted during dissection of cadaveric sinus tissue was 
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measured. After some discussions with the surgeon, Mr. Sama, it was proposed 
to conduct a further test on cadaveric tissue, in order to further extend the 
amount of mechanical data available.  
This second FRED testing was conducted during a surgical ENT training 
course, held at Copenhagen University Hospital (Denmark). The same surgical 
instrument and FRED equipment (Fig. 7.5) utilized on the preliminary 
investigation was used to acquire mechanical data from fresh frozen cadaveric 
subjects. Compared to the previous study, this test was conducted on multiple 
cadavers. It was interesting to evaluate the differences (or similarities), in terms 
of cutting force, between different cadaveric samples. The resection of the 
cadavers was again performed by Mr. Sama, in order to give consistency to the 
test.  
A group of five cadaveric samples were prepared at Copenhagen 
University Hospital. The test was restricted to three areas of the sinus, the bulla 
ethmoidalis, the middle turbinate and the medial wall of the maxillary sinus (Fig. 
7.9), which were selected by the surgeon. These sinus structures were deemed 
most representative of the range of cutting characteristics experienced in FESS 
by the clinician.  
   
Fig. 7.9: CT images of the sinus region obtained from a cadaveric subject, showing the 
selected target structures within the sinus. Middle Turbinate (MT), Medial Wall of 
Maxillary sinus (MW), Bulla Ethmoidalis (BE) and Nasal Septum (NS) are shown.  
 
The acquired data allowed the mechanical characterisation of the single 
sinus areas, but also permitted a comparison between the different cadavers.  
A statistical analysis was performed on the acquired data (p<0.005) by 
one way ANOVA technique which determined the significance of the collected 
values. This analysis played an important role in detecting eventual similarities 
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between different subjects (inter-variability) in respect to a specific area (i.e. the 
bulla ethmoidalis, the middle turbinate and the medial wall of the maxillary 
sinus). In addition, it permitted the evaluation of the variability (intra-variability) 
of the target areas within the same cadaver. 
CT images from each cadaver were acquired by xCAT®ENT scanner, 
which allowed a resolution of 0.4mm along all directions. The CT slices were 
employed to estimate the dimension of each target structure. Due to the lower 
resolution of the adopted CT scanner, compared to a micro-CT apparatus, it 
was not possible to conduct an accurate analysis of the sinus structures 
consistent with the methodology described in Section 6.5.4.  
7.6.2 Results 
 
The results of the FRED testing conducted on multiple cadavers is 
reported in Table 7.2, and Fig. 7.10-7.11. 
 
Table 7.2: Fracture force values from resection test performed on sinus structures of 5 
different cadaveric cadavers. The values are reported in Newtons (N). The number of 
performed cuts (#) has been specified for each cadaver and anatomical area.  
Cadaveric 
Sample 
Bulla 
Ethmoidalis 
(N) 
SD 
 
(N) 
#  Middle 
Turbinate 
(N) 
SD 
 
(N) 
# Medial 
Wall 
(N) 
SD 
 
(N) 
# 
# 1 8.07 1.90 4 24.93 4.96 4 21.87 4.96 8 
# 2 8.94 1.23 5 18.90 2.43 6 17.50 3.36 6 
# 3 7.07 0.68 6 19.17 4.30 6 24.24 3.67 7 
# 4 10.52 0.71 6 16.20 4.52 6 24.10 4.74 5 
# 5 8.55 2.07 9 18.25 3.29 6 19.29 2.30 7 
 
         
Mean 
Fracture 
Force (N) 
8.63 
(±1.27) 
  19.49 
(±3.26) 
  21.40 
(±2.97) 
  
Note: SD=Standard Deviation. 
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Fig. 7.10: Average cutting force measured with FRED testing of human cadavers. 
 
 
Fig. 7.11: Average cutting force values from resection test for the bulla ethmoidalis, the 
middle turbinate and the medial wall of the maxillary sinus. The range of thickness for 
each sinus anatomical structure, estimated from CT images, is reported. 
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The test aimed to calculate the cutting forces of different sinus regions 
(bulla ethmoidalis, medial wall and middle turbinate) for each cadaveric subject, 
but also it presented the opportunity to compare values obtained from different 
cadavers. Therefore, it was possible to evaluate the variability in terms of 
mechanical characteristics (cutting force) between various human cadavers.    
The average cutting force was calculated for each specific target region, 
and this value was adopted as the benchmark for the investigation on the 
manufacture of synthetic sinus tissue (Table 7.2). The mean cutting force was 
8.63N (±1.27N) for the bulla ethmoidalis, 19.49N (±3.26N) for the middle 
turbinate and 21.40N (±2.97N) for the medial wall. The force values of each 
anatomical area showed a similar trend; in particular the bulla ethmoidalis, 
whose values ranged between 8.07N and 10.52N. 
The thickness intervals of the target structures were estimated from the 
acquired CT images: 0.5-0.8mm for the bulla ethmoidalis, 1.5-2.9mm for the 
middle turbinate and 0.7-1.2mm for the medial wall of maxillary sinus. The 
thickness values were obtained by measurements performed on the CT images 
of each of the cadavers, using ImageJ software. The target sinus structures 
were not accessible for physical measurements conducted with a vernier 
measuring calliper. Physical measurement of the resected tissue fragments was 
excluded due to the possible inaccuracy of the digital calliper in measuring soft 
tissue, as shown in Tab. 7.1.  
There was a consensus from the clinician, Mr. Sama, to adopt the cutting 
force values measured in this section as the benchmark for comparison with 
synthetic materials produced by 3DP technology.  
The ANOVA technique was applied to the acquired data. It should be 
mentioned that the effectiveness of such analysis also relied on the amount of 
samples available. A relatively high variance of the results was observed, which 
could be attributed to the heterogeneous structure of the sinus elements 
together with the relatively small sample size, which limited the number of cuts 
performed. In terms of inter-variability (variability between cadavers) the 
statistical analysis revealed a significant difference between the bulla 
ethmoidalis and the middle turbinate, and, also, between the bulla ethmoidalis 
and the medial wall of the maxillary sinus. Values from the middle turbinate and 
the medial wall of the maxillary sinus were not significantly different.  
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7.7 Restrictions to in-vivo FRED Testing  
 One of the advantages of the FRED equipment was the possibility to 
quantify the force applied to the endoscopic surgical instrument (rongeur) during 
real FESS. In this way, the qualitative description of the sinus tissue behaviour 
during surgical dissection as expressed by the surgeon, could be directly 
correlated with objective data, obtained with the FRED testing. Some dissimilar 
characteristics of in-vivo and cadaveric tissue, in terms of cutting behaviour, 
was expressed by the clinician collaborating in this project, although fresh, 
frozen cadaver (rather than preserved) was deemed to be most representative. 
This has also been documented in the study of Rosen et al. (2008). In order to 
confirm this assumption, it may have been worthwhile to conduct FRED testing 
on living patients, to compare the data obtained from post-mortem tissue with 
in-vivo tissue data.  
 Within the European community, the regulation of medical devices is 
subject to strict control and is dependent on the characteristics and application 
of the specific device, as stated by the European Council Directive 93/42/EEC 
(MHRA). The FRED equipment was not classified or tested for in-vivo use and it 
was unrealistic that the necessary authorisation could be obtained in the 
timeframe of this project. Owing to the nature of the application on living 
patients during surgical procedure the test equipment had to meet very high 
safety criteria, as a medium-risk class II medical device (MHRA). 
 Therefore, at this stage of the research FRED testing was limited to 
cadaveric tissue. 
 
7.8 Review of Results  
 
 In this chapter, the force applied to the endoscopic surgical instrument 
has been identified as an appropriate target characteristic. Conventional 
methods adopted in mechanical testing of human tissue were not suitable to 
replicate and measure the cutting force experienced during surgical dissection. 
A specific method was developed in order to obtain objective data of the cutting 
characteristics of sinus tissue. The resultant test equipment (FRED) comprised 
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of an endoscopic surgical instrument with integrated strain gauges, and 
accompanying electronic hardware for data acquisition. This test equipment 
was utilized in the following chapters (Chapter 8 and 10) for comparing the 
cutting properties of the synthetic material produced by 3DP with sinus tissue. 
 At this stage of the research it was not possible to perform the FRED test 
in-vivo during a real surgery because health and safety regulation required 
additional certification of the test equipment. Owing to this fact, the FRED test 
was limited to fresh, frozen cadaveric sinus tissue. 
 A preliminary study involved the testing of fresh-frozen cadaveric tissue 
where a group of target structures of the sinus were identified by an expert 
surgeon and tested with the FRED equipment. 
 A second study was conducted on a group of five cadavers, focusing on 
the characteristics of the bulla ethmoidalis, the middle turbinate and the medial 
wall. 
 The average values of the cutting force of the sinus structures were 
obtained from both tests, and they were utilised as reference values for the 
optimization of synthetic materials, fabricated by RP. The information and data 
obtained in chapters 6 and 7 regarding human sinus tissue was used for the 
development of a realistic synthetic material, replicating sinus tissue 
characteristics. This research work is presented in the following chapters of this 
thesis. 
 
 
112 
 
8. Simulation of Sinus Tissue Properties by 
Variations of 3DP Materials  
 
8.1 Introduction 
 
 In the previous chapters (chapters 6 and 7), a characterization of the 
human sinus structures, in terms of composition, geometry and mechanical 
properties (surgical cutting properties), was conducted addressing objectives a) 
b) and c), reported in Section 1.4. Important information was obtained regarding 
the type of tissues constituting the sinus structures, such as bone and soft 
tissue. This essential area of the research concentrated on the quantification of 
the mechanical properties of the sinus tissue with regards to relevant surgery. In 
particular, the cutting properties of the sinus structures were identified as a 
cardinal aspect to be evaluated. An instrumented surgical tool (FRED), a 
modified through-cutting rongeur, was employed for the quantification of the 
cutting force, experienced during surgical manipulation (i.e. cutting) of cadaveric 
sinus tissues.  
 The findings obtained from the sinus characterization were crucial to 
address the following phase of the research which focused on the replication of 
the sinus properties in materials produced with 3DP technology. The FRED test 
equipment was employed in this chapter to assess the cutting properties of the 
samples produced by 3DP for comparison with the results obtained from human 
sinus tissue (Sections 7.5.2 and 7.6.2). 
 The research conducted on manufacturing representative materials by 
3DP followed two principal approaches: the first method, described in this 
chapter, comprised of manipulation of materials adopted in the post-processing 
of the 3DP samples; the second, described in Chapters 9 and 10, concerned 
the 3DP build strategy and the resultant variation of the internal structure of 
3DP parts, which might have an effect on the mechanical properties of the 
printed object.  
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8.2 3DP and Base Material 
 
 The 3DP process had been selected by the investigation team as an 
appropriate RP technology to satisfy the requirements of this project, as 
depicted in Section 3.4.  
 The main advantage of 3DP is represented by the wide range of physical 
properties achievable by post-processing (infiltration) of printed parts. The 
investigation concerning this aspect is described in the following sections of this 
chapter. 
  
 In this project, the investigation team did not perform any variations to 
the base materials, such as the powder/binder combination. ZP130 powder and 
ZB58 binder were utilised throughout the research process for the manufacture 
of test samples and physical phantoms. This choice was motivated by the 
intention to facilitate the use and spread of the technology without fundamental 
alterations. The use of current 3D printers and building materials could permit 
the wider dissemination and exploitation of the methods originated from this 
research. 
 
 The utilised building (base) materials, together with the selected 3D 
printer model, can play a fundamental role in the accuracy of the 3DP process. 
Several studies have measured the accuracy of 3DP process, with specific 
combinations of building materials and printers. Bassoli et al. (2007) measured 
an error ranging between 0.160 and 0.182mm of a 3D printed casting frame, 
utilising a Z402 printer and ZP14 powder material. Dimitrov et al. (2006) 
assessed an error in the order of 0.068-0.434mm utilising ZP14, and an error in 
the range 0.235-0.639mm with ZP100, both utilising a Z400 series printer.   
 The preliminary work of this project ascertained the capabilities of the 
Spectrum™ Z510 3D printer for producing small features, similar in size to 
those of nasal sinus, utilising ZP130 powder and ZB58 binder as building 
materials (Rhodes, 2007). A group of benchmark features covering a range of 
dimensions, from 0.25mm to 5mm were fabricated by 3DP. The work assessed 
that the 3DP printer was able to fabricate minimum features in the order of 
0.25mm. An error in the order of 0.525%-0.750% was calculated by the author. 
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The work also evaluated the fragility of the printed features, in particular during 
the de-powdering process. It was identified that structures that were un-
supported and less than 1mm in thickness were likely to be damaged.  
 
8.3 Variation of Materials: Methodology 
 
 As already mentioned in the previous sections of this chapter, the first 
approach of this research consisted of the variation of the materials adopted in 
the infiltration process of the printed samples. Due to the porous nature of the 
3DP green parts, a wide range of liquid substances can be applied to the 
prototype samples, which penetrate within the porous structure and affect the 
overall final properties of the treated parts. Leading principles of infiltration have 
been illustrated in section 3.4.5.1.  
 Compared to other RP processes, 3DP produces green parts with poor 
mechanical attributes, which are normally improved by infiltration. Infiltration 
represents an essential step to improve and tailor the physical properties of a 
3DP green part. Traditionally, materials such as cyanoacrylate, paraffin wax and 
epoxy resin can be utilized. The main effect of infiltration is the significant 
improvement of the mechanical properties of the treated parts, depending on 
the utilized infiltrant (Frascati, 2008; Gomez de Salazar et al., 2006; Lam et al., 
2002; Pilipovic et al., 2009).  
The investigation team believed that infiltration of parts produced by 3DP 
was a potential method of replicating the cutting characteristics of human sinus 
tissue. The manipulation of the materials and methods adopted in the infiltration 
process were investigated to determine an appropriate solution.  
 
8.3.1 Preliminary research work 
 
 Early work, conducted by part of the investigation team (Harris), explored 
the potential of infiltrating 3DP parts for replicating mechanical properties of 
bone tissue (Edmonds, 2007). In this research, a specific test quantified the 
drilling (not surgical drilling) force through porcine bone (Fig. 8.1). The same 
test was conducted on 3DP specimens, infiltrated with different substances, 
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such as paraffin wax, cyanoacrylate, wood hardener, Polyvinyl Alcohol (PVA), 
polyurethane shellac and epoxy resin. Different methods of applying the 
infiltrants, such as brushing, immersion and vacuum immersion, were explored. 
The results showed that infiltrating 3DP parts was a reliable strategy in order to 
imitate the drilling properties of the porcine sample. Although far from definitive, 
the investigation aimed to give some proof of concept and ascertain the 
feasibility of the methods.  
 
 
Fig. 8.1: Graphs of the drilling force registered throughout pig bone samples and un-
infiltrated 3DP samples (left). Drilling force profiles throughout 3DP infiltrated specimens 
(right) (Edmonds, 2007).  
 
 A second preliminary investigation, conducted in the first stage of this 
project, has been described by Radley et al. (2009). This study utilised some of 
the materials and methods adopted by Edmonds (2007). The research team 
explored the possibility of applying different infiltration materials to 3DP 
samples, in order to replicate mechanical properties (cutting force) consistent 
with sinus structures. This research allowed the refinement of the infiltration 
method of small 3DP samples, with a thickness of 0.5mm, which was broadly 
representative of sinus elements. Water-based infiltrant materials, such as PVA, 
were found inadequate for infiltrating thin 3DP samples, due to warpage 
phenomena which occurs after infiltration, caused by a water-saturation of the 
printed samples. The investigation also explored the application of multiple 
infiltrant agents to the same specimen, in order to extend the range of the 
resultant mechanical characteristics. Materials, such as paraffin wax, acetate-
based resin and polyurethane shellac, were investigated as the base infiltrant, 
which should be applied at a first stage, followed by further infiltrations with 
other materials. The mechanical properties of the infiltrated specimens were 
0
2
4
6
8
10
12
14
0 5000 10000 15000 20000 25000 30000 35000 40000
Time (ms)
Fo
rc
e
 
(N
)
Pig Shin Bone
Pig Thigh Bone
Plain Uncoloured Sample
Plain Coloured Sample
0
1
2
3
4
5
6
0 5000 10000 15000 20000 25000 30000
Time (ms)
Fo
rc
e
 
(N
)
Plain Cyanoacrylate - P
Plain Cyanoacrylate - I
Plain Cyanoacrylate - V
Pig bone 
3DP sample 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 8 – Simulation of Sinus Tissue Properties by Variations of 3DP Materials  116 
 
assessed with the FRED equipment, already adopted for the mechanical 
characterization of cadaveric sinus tissue (Section 7.4). The results showed that 
an extensive range of cutting forces was achievable by combining several 
infiltration materials applied to 3DP samples. The measured values were in the 
range of those registered with cadaveric sinus tissue, but a close 
correspondence with specific sinus structures were not ascertained and a 
qualitative evaluation of the produced samples by an ENT surgeon was not 
performed. The reproduction of the external appearance of sinus structures was 
also not included in that study.  
 
8.3.2 Test Sample Manufacturing 
 
All the test samples were printed with a Z510™ Spectrum 3D printer 
(ZCorporation), adopting ZP130/ZB58 as powder/binder combination. The parts 
were removed from the build chamber and placed into the depowdering station, 
where compressed air was used to remove the unbound powder. In a 
preliminary investigation (Rhodes, 2007) different depowdering technique were 
compared, such as brushing, compressed air and ultrasonic vibration. 
Compressed air proved the most adequate to avoid damage to small printed 
features. Following the depowdering phase, the green parts were dried in an 
air-circulating oven at 80ºC for 1hour, and 120ºC for another hour, as 
recommended by the ZCorporation User Manual. 
The samples were then removed from the oven and placed into a 
container with desiccant to avoid moisture absorbance. 
 
8.3.3 Infiltration Materials 
 
 
A series of different compounds were selected for the infiltration of the 
3DP parts. The materials selection took into account the findings of preliminary 
research conducted by Edmonds (2007) and Radley et al. (2009). For this 
reason, materials such as paraffin wax, acetate-base resin, polyurethane resin 
and cyanoacrylate were included in this study. Some other infiltrant materials 
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were explored in order to extend and further explore the possible mechanical 
characteristics of the infiltrated parts. For instance, a low viscosity epoxy resin 
was preferred to the epoxy (Araldite) product adopted by Edmonds (2007), who 
utilized methanol for diluting it. Polyester resin was a further material included in 
this test, due to its relatively low cost and appreciable mechanical 
characteristics. Several of the selected products, such as paraffin wax, 
cyanoacrylate and epoxy resin were those conventionally used for post-
processing of 3DP samples, as recommended by ZCorporation.   
Some substances, such as PVA and acrylic resins, were not considered 
due to preliminary infiltration tests conducted with these infiltrants showing 
distortion phenomena of the 3DP parts. This was due to water-saturation of the 
plaster material which is selectively bound by water-based binder during 3DP 
(Radley et al., 2009).  
The investigated infiltration materials were as follows: 
 
• Paraffin wax: Paraplast X-TRA tissue embedding medium (Reference 
503002) from McCormick Scientific (Richmond, USA) is a highly purified 
paraffin wax. It is characterized by a low-viscosity when molten, which 
allows it to easily penetrate within a porous structure. The melting point is 
around 50-54 ºC. Its curing time is in the order of minutes. 
• Acetate: Produced by Ronseal Ltd. (Sheffield, USA) Commercially 
available product, it is normally used for wood applications, in order to 
repair or improve its durability. It has very low viscosity, comparable to 
water. It cures in 3-4 hours, once the solvent has completely evaporated.  
• Cyanoacrylate: ZBond-101™ is one of the infiltration products offered by 
ZCorporation. It is characterized by a very low-viscosity and it is 
colourless. Normally, it is applied by dripping, but painting and immersion 
can also be used. The curing time is in the order of seconds.  
• Epoxy resin: Clear Coat™ from System Three Resins Inc. (Washington, 
USA) has been adopted as epoxy resin. It is a 2-component product, 
mixed at resin/hardener 2:1 volume ratio. It is normally adopted to coat 
and protect wood. It is a very low-viscosity resin, around 580-600 cps at 
25 ºC for the resin and 190-210cps for the hardener. The curing time is 
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around 2-3 days at 25 ºC. Other physical properties of this epoxy are: 
hardness 82 D shore, tensile strength 53Mpa, tensile elongation at break 
8% and flexural modulus 2586Mpa. 
• Polyester resin: Crystic® 2-414PA from Scott Bader Ltd. 
(Wellingborough, UK) has been used. This is a thixotropic polyester resin 
with low styrene emission, especially adopted for laminating applications. 
The viscosity at 25 ºC is 460 cps. Within the physical properties, the 
tensile strength is 53Mpa, elongation at break 2%, flexural modulus 
6400Mpa and volumetric shrinkage 8.2%. The latter point needs to be 
considered as it may result in distortion of the infiltrated specimen. 
• Polyurethane resin: Produced by Ronseal Ltd., it is a very common 
product used for many applications, such as wood finishing and 
protection. The precise value of viscosity is unknown, although it is 
reasonably low, similar to epoxy resin and polyester resin. The curing 
time is in the order of 48 hours. It can be diluted with a solvent, thus 
reducing its viscosity. 
 
8.3.3.1 Silicone Coating Materials 
 
 
A further important area of investigation concerning materials variations 
involved the application of a silicone coating to the surface of the 3DP 
specimens. The aim of an external silicone coating of 3DP parts was to 
resemble the appearance and characteristics of mucosal tissue, which is 
present in differing amounts in most of the sinus structures. The 
characterization of the human sinus tissues by micro-CT analysis confirmed the 
presence of soft tissue within the paranasal complex. The ENT surgeon, Mr. 
Sama, explained that some sinus structures, such as turbinates, comprised of a 
large portion of mucosa, which also influences their cutting characteristics 
during surgical dissection.    
The manufacturing of a realistic physical model of the human sinus had 
to take in account also the external appearance of the produced features. The 
idea was to employ the silicone as an external coating of the 3DP samples. The 
unique physical properties of silicone materials make them adequate for soft 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 8 – Simulation of Sinus Tissue Properties by Variations of 3DP Materials  119 
 
tissue replication (Hatamleh et al., 2010; Aziz et al., 2003). For instance, some 
silicone products exhibit mechanical properties, such as hardness, in the range 
of human skin, which has hardness value around 60 Shore A (Xiao-na et al., 
2007). 
 
In this chapter, the testing of several silicone products is presented. 
Silicones are traditionally supplied with a wide range of physical properties (i.e. 
viscosity, elongation capacity, hardness, etc.). For this reason, a relatively 
heterogeneous group of silicone products was considered. A common criterion 
of the silicones selection was the physical appearance (colour), preferably 
translucent or clear, to allow the visibility of the colour texture printed onto the 
surface of the 3DP parts. The reproduction of the human sinus texture on the 
sinus 3DP phantom was part of the research work of the collaborative project of 
PhD Student No. 1, who focused on the mapping and replication of in-vivo sinus 
texture on the 3DP specimens.  
A total number of six silicones were investigated and tested (Table 8.1):  
 
• Cosmesil M511 (Principality Medical, Newport, UK). Widely adopted in 
maxillofacial prostheses manufacturing. It is a 2-part condensation silicone. 
• MM-282 (ACC Silicones, Bridgwater, UK). This condensation silicone is 
normally adopted for mould-making applications. It comprises of two parts 
(A+B), which should be mixed at 20:1 ratio.  
• A1521 and A1620 (ACC Silicones, Bridgwater, UK). These are two 
translucent sealants. Both cure at room temperature. The A1521 is an 
acetoxy-based cure type silicone, while the A1620 adopts oxime-based 
curing. Although both are characterized by good adhesive properties, the 
A1620, thanks to the oxime-based cure system, produces excellent physical 
properties and good adhesion to plastics and many other substrates. 
• 3140 RTV (Dow Corning®, Midland MI, USA). This one-part clear silicone 
presents good flow ability, together with the absence of solvents and room 
temperature curing.  
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• 2557 (Dow Corning®, Midland MI, USA). A very low viscosity silicone, which 
cures at room temperature. It is normally used to encapsulate electrical 
devices. 
 
Table 8.1: Silicone products 3DP samples coating. 
 
Material 
 
Composition 
 
Hardness 
(Shore) 
 
Viscosity 
(Cps) 
 
Elongation (%) 
 
Tensile 
Strength 
(MPa) 
Cosmesil 
M511 
A+B 20 A 25000 700 3.80 
MM-282 A+B 14 A 21000 460 2.60 
A1521 One part 30 A 49000 328 0.90 
A1620 One Part 23 A 26000 400 2.00 
3140 RTV One part 34 A 35950 420 3.00 
2557 One part 23 A 8200 420 1.50 
 
 
8.3.4 Infiltration Method 
 
 Edmonds (2007) and Radley et al. (2009) investigated different ways of 
applying the infiltrant agents, such as brushing, immersion and vapour 
application. However, in the research presented in this thesis, the infiltrants 
were applied only by immersion of the 3DP samples. This was because the 
complexity of paranasal region to be reproduced presented a considerable 
difficulty for other infiltration methods, such as brushing and spraying (vapour). 
Immersion could guarantee access of the infiltrant to remote areas of the 3DP 
sinus phantom, such as the small cells of the ethmoids, which could not be 
accessed otherwise. The only exception was for cyanoacrylate, which was 
dripped on the parts surface, owing to its high cost (approximately £80/100ml) 
and the large amount of product required for complete immersion of the part. 
Paraffin wax was applied to the 3DP parts using a specific oven, designed for 
melting wax and infiltrating the 3DP parts. The specimens were immersed in the 
molten wax at 65ºC for 20minutes, then removed and left in the oven for 
24hours.  
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 For each of the other infiltrant materials, the 3DP samples were 
immersed in the infiltrant for 5 minutes, under vacuum conditions, such as -
750mmHg. For this task, a vacuum chamber and a vacuum pump were 
adopted. The use of a vacuum was deemed advantageous for the infiltrant 
penetration within the porous structure of 3DP parts, as suggested by the 
Darcy’s law (Section 3.4.5.1). Once the vacuum was released, the atmospheric 
pressure worked as a positive pressure towards the inner region of the 3DP 
object. The vacuum also reduced the amount of air particles within the pores. 
 The only exceptions for vacuum infiltration were paraffin wax and 
cyanoacrylate, which, due to the adopted infiltration methods, did not permit the 
application of vacuum.  
 Once infiltrated the samples were left to dry for 48 hours at room 
temperature.  
 
Fig. 8.2: Vacuum chamber and vacuum pump adopted for the infiltration of the 3DP 
specimens. 
 
8.3.4.1 Multi-Material Infiltration 
 
 The possibility of combining several materials during the infiltration phase 
of 3DP sample production was explored. The method comprised of applying 
multiple materials sequentially, allowing a lapse of 72 hours between each 
application, in order to ensure the complete curing of the previous infiltrant. The 
objective was to exploit the properties of each infiltrant product and achieve a 
more realistic cutting force in the manufactured parts. Certain substances, such 
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as paraffin wax, acetate-based resin and polyurethane resin have been shown 
to be good candidates as base materials, by Radley et al. (2009). The products 
were not applied concurrently, because of the potential chemical incompatibility 
of some substances, but sequentially after the previous infiltrant had been 
cured. Mixing the infiltrants may alter the physical properties of these 
substances or generate undesired chemical reactions. 
 
8.3.5 Methods of Testing and Analysis of Infiltrated 3DP Specimens 
 
8.3.5.1 FRED Testing 
  
 The FRED test, described in Section 7.4, was employed for assessing 
the effects of infiltrant materials onto the mechanical properties of the infiltrated 
3DP parts, utilizing a specific test sample (Fig. 8.3).  
 
  
Fig. 8.3: Test sample adopted for FRED test of infiltrated 3DP specimens (A,B,C). The 
3DP sample once manufactured by 3DP (D). 
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 The sample geometry was carefully designed in order to satisfy several 
criteria, including adequate robustness for removal of the specimens in their 
green-state from the building chamber. The specimen included three wall 
features, which represented the thicknesses from the surgical cutting test 
(0.5mm and 1.00mm). These thicknesses were deemed appropriate for 
covering the range of thickness of human sinus structures, according to the 
measurements obtained from the micro-CT sinus images (Section 6.5.5). The 
relatively large area of the wall features was desirable in order to allow a 
significant number of cuts (maximum approximately 30 cuts per wall) to be 
performed within the FRED test. 
The FRED test was conducted according to the method utilised in the 
characterization of cadaveric sinus tissue (Section 7.4). The adoption of the 
same method used in the mechanical characterization of cadaveric sinus tissue 
gave consistency and allowed a direct comparison between the results. The 
cutting force values presented in Sections 7.5.2 and 7.6.2, were utilized as 
benchmark values. Conventional mechanical testing might have been employed 
for testing the infiltrated 3DP parts; however the results would not have been 
comparable with those obtained from FRED testing of cadaveric sinus and thus 
of limited value. 
  
8.3.5.2 Depth of Penetration (DOP) Testing 
 
 
 Another test conducted on the 3DP infiltrated samples aimed to assess 
the depth of penetration (DOP) of the infiltrant within the specimen. In particular, 
in multi-material infiltration, the effects of the second infiltrant had to be 
ascertained. It could be proposed that the extent to which an infiltrant 
penetrates within a 3DP sample would have an effect on the mechanical 
properties of that sample. Early analysis was conducted in the preliminary 
investigation of Edmonds (2007), who measured the depth of penetration of 
polyurethane resin within a 3DP sample. She ascertained that the use of a 
vacuum significantly increased the penetration, and the mechanical 
characteristics of the treated specimens were affected. 
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 The DOP test sample consisted of a cubic geometry, 
15mmX15mmX15mm. The DOP samples were infiltrated consistent with the 
methods adopted for the FRED test samples. During infiltration and curing 
phase, the DOP samples were kept in the same orientation as their 
manufacture in 3DP. Following curing, the test samples were sectioned along 
the middle vertical plane, in order to analyze the cross-section under an OGP 
Smartscope- Flash 200 (OGP, Rochester, USA) optical measuring apparatus. A 
red powdery pigment, traditionally used for resin colouring, was added to the 
infiltrant agents, in order to better identify the boundaries of infiltration (Fig. 8.4). 
 
 
Fig. 8.4: A red powdery pigment was used to colour the infiltrant and improve their 
contrast within the cross-section of the 3DP cubic specimens. The epoxy resin is shown 
before (left) and after pigment application (right). 
 
  The DOP was calculated for the infiltrant applied singularly, and in the 
case of multiple materials infiltration, the DOP of the second infiltrant was also 
measured. The DOP was measured in terms of distance from the edge of the 
sample to the edge of the coloured infiltrant, neglecting any excess layer of 
infiltrant material on the sample surface. The area of measurement comprised 
of each of the sides of the cross-section, such as top, bottom and the two 
vertical sides, excluding the corners where the measurement could be 
misjudged (Fig. 8.5). The average of the four DOP values was calculated for 
each material combination.  
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Fig. 8.5: Schematic representation of the DOP measurement methodology. The DOP was 
ascertained for each of the 4 sides of the cross-section of the infiltrated cubic sample, 
excluding the corners.  
 
8.3.5.3 Qualitative Assessment by Clinician 
 
 The FRED analysis of the 3DP specimens, described in Section 8.3.5.1, 
provided a quantified measurement of the cutting force induced during cutting. 
However, it was essential to complement such mechanical data with the 
qualitative evaluation of the same samples by an expert clinician, in this case 
Mr. Sama. The role of Mr. Sama was crucial for ascertaining the cutting 
characteristics of the samples from a clinical perspective, and an eventual 
correlation between synthetic material and biological sinus tissue.  
  The cutting test of the surgeon was performed in a blind-manner, without 
giving any information about the material combination before testing.     
 
8.4 Study Structure 
 
 The investigation concerning the effects of infiltrant materials 
combinations on the mechanical properties of treated 3DP specimens was 
organized in different phases. Firstly, the characteristics deriving from the 
infiltration with a single material have been assessed. This preliminary phase 
also comprised the evaluation of the different silicone products, utilized for the 
external coating.  
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 8 – Simulation of Sinus Tissue Properties by Variations of 3DP Materials  126 
 
 In the second phase, the investigation explored the combination of 
multiple materials for the infiltration of the 3DP specimens, according to the 
results obtained from the first phase (single infiltration). The different 
combinations were decided on the basis of the characteristics and effects of 
each infiltrant on the mechanical properties of the 3DP samples. The 3DP 
materials were tested with FRED testing and qualitative assessment by a 
clinician. 
   
8.5 Results of Single Infiltration 
  
 The results have been presented separately for each phase of the 
investigation. The first phase of the infiltration study consisted of testing the 
effect of the single substances (described in Section 8.3.3) once applied to the 
3DP FRED test specimens. The substances where applied consistent with the 
methodology as in Section 8.3.4. 
 The testing of the single infiltrants was useful in order to evaluate the 
characteristics of each product, and determine eligible substances to be 
considered in the multi-material infiltration, which is described in Section 8.7. 
 
8.5.1 FRED Testing Results 
 
 
The FRED equipment was employed for assessing the fracture force of 
infiltrated samples. From the data acquired by FRED test, the peaks 
corresponding to fracture value have been extracted. The average of the 
fracture peak values was calculated for each material (Table 8.2), and reported 
on a chart (Fig 8.6). 
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Table 8.2: FRED testing results of infiltrated 3DP samples. 
Infiltrant Cutting force (N) Standard 
Deviation 
(±N) 
Thickness 
(mm) 
Control (un-infiltrated) 9.28 ±1.11 0.71 
Paraffin Wax 11.07 ±1.08 0.78 
Acetate 14.98 ±1.61 0.72 
Polyurethane 19.10 ±0.75 0.77 
Cyanoacrylate (1-side) 29.16 ±5.42 0.82 
Polyester Resin 44.61 ±8.26 0.87 
Epoxy Resin 52.33 ±12.30 0.74 
 
 
 
Fig. 8.6: Cutting force results of 3DP infiltrated samples of 0.5mm nominal thickness. 
 
The mechanical results from the infiltrated materials showed the potential 
of the proposed methods. Some of the cutting values were in the order of those 
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acetate and polyurethane appeared to increase the strength of the green part, 
resulting in a cutting force of less than approximately 30N (Fig. 8.6). On the 
other hand, materials such as epoxy resin, cyanoacrylate and polyester resin 
could not be applied alone (single infiltration) or without being diluted, because 
they presented cutting force values which might result in damage to the surgical 
instrument. Samples infiltrated with polyester resin exhibited distortion 
phenomena of the thin wall structures.  
 Measurement of the samples thickness showed that the green parts 
were around 0.2mm thicker than the nominal dimension (0.5mm). Additionally, it 
was also observed that some infiltrants resulted in greater sample thickness, 
which can be explained by the excess infiltrant material remaining on the 
surface of the treated specimens (Table 8.2). 
 
8.5.2 DOP Testing Results 
 
 The DOP of the adopted infiltrants is reported in Table 8.3 and Fig. 8.7. 
Materials, such as paraffin wax, acetate and polyurethane resin were able to 
fully penetrate the cubic 3DP samples (Fig. 8.8). Epoxy resin and polyester 
resin penetrated an average distance of 4.53mm and 3.63mm respectively. The 
DOP of cyanoacrylate was assessed as approximately 1.61mm. Despite the low 
viscosity of this material, the fast curing of cyanoacrylate limited its penetration. 
    
Table 8.3: Depth of Penetration (DOP) measurement of infiltrated (single infiltrant) 3DP 
samples. 
Infiltrant Left  
(mm) 
Right  
(mm) 
Bottom 
(mm) 
Top 
(mm) 
Average 
(mm) 
Paraffin Wax - - - - 7.50 
Acetate - - - - 7.50 
Polyurethane - - - - 7.50 
Cyanoacrylate 1.56 1.92 1.76 1.19 1.61 
Polyester resin 3.62 3.32 3.73 3.85 3.63 
Epoxy resin 5.12 4.80 4.06 4.12 4.53 
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Fig. 8.7: Depth of Penetration (DOP) results of infiltrants. 
 
 
 
Fig. 8.8: Cross-sections of 3DP cubic samples used for measuring the penetration of the 
infiltrants within the porous structure. Acetate (top-left), Epoxy (top-right), Polyurethane 
resin (bottom-left) and Cyanoacrylate (bottom-right). 
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8.5.3 Observations 
 
 
 Paraffin wax provided a cutting force of 11.07N which was higher than 
8.63N of bulla ethmoidalis, but still inferior than other sinus structures, such as 
middle turbinate and medial wall. The cutting force may be increased with the 
application of a second infiltrant. However, this strategy might not be effective, 
due to the incompatibility of wax with many materials. Wax compounds are 
generally used in moulding applications, in order to prevent the sticking of the 
mould and the casting part. Therefore, paraffin wax could inhibit the adhesion of 
the materials applied on a second stage. 
 The acetate-based solution determined a more desirable mechanical 
behaviour of the FRED test samples, with a cutting force in the range of those 
recorded with sinus tissue. The low viscosity of this infiltrant solution, 
comprising of approximately 70% acetone, allowed complete infiltration of the 
3DP specimens. The evaporation of the solvent may leave a high amount of 
free pores, which is an advantageous aspect for a subsequent infiltration. 
 Polyurethane resin presented cutting force values in the range to those 
found in the cadaveric cutting tests. The viscosity of this product was 
appropriate for efficient penetration within the pores. Apparently, during the 
cutting test, it was noted that samples infiltrated with polyurethane resin 
exhibited a less brittle behaviour than other infiltrantsand for this reason it was 
appreciated by clinician staff. 
 Cyanoacrylate, despite the excessive strength of approximately 29N (if 
applied to one side), was appreciated for same properties. It did not penetrate 
significantly into the pores of the 3DP part; however it created a tough external 
layer, which could replicate the structure of cortical bone. Possibly, 
cyanoacrylate could be used as second infiltrant, after a primary infiltrant has 
been applied. In this way, the overall strength can be sensibly reduced. Dilution 
of cyanoacrylate was not viable, because it could have altered the physical and 
curing properties of the infiltrant.  
 Polyester resin presents several advantages, in particular an affordable 
cost, however, the cutting force values exceeded the expected magnitude 
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experienced with sinus tissue. The main drawback was represented by some 
distortion phenomena, which affected 0.5mm thin walls after the resin cured. 
This issue could be explained with the considerable shrinkage (8%) 
characterising this type of polyester resin. In practical terms, this could result in 
thin structures reproduced in sinus models being deformed following the 
application of this type of resin. 
 Of all the tested infiltrants, epoxy resin appeared the most promising, 
even though the resulting strength was too high, when applied alone on a 3DP 
sample. However, the penetration depth of this material represented a key 
advantage for use in multi-stage infiltration. Other aspects, such as its clear 
colour and good surface finish represent some of the additional benefits of this 
material.   
 
8.6 Results of Silicone Coating 
 
The silicone materials were applied to FRED test sample of 0.5mm 
thickness. The samples were infiltrated by immersion and left to cure 
accordingly. The Cosmesil M511 material, traditionally employed for 
maxillofacial prostheses manufacturing, was applied to the 3DP samples by 
Watson, in the maxillofacial laboratory at QMC Nottingham hospital. Silicone 
coated samples were tested with the FRED apparatus. The peak values 
corresponding to fracture were averaged and reported (Table 8.4 and Fig. 8.9). 
In this particular case, the thickness of the produced samples was measured 
with a digital vernier calliper (Fig. 8.10).  
It was crucial to evaluate the effect of the silicone coating on the final 
dimensions, which should not exceed certain limits, in order to remain within the 
thickness ranges of sinus structures. Owing to the function of silicones as an 
external coating the DOP results of these products was not considered relevant 
and have not been presented. In addition, the use of silicone as a single 
infiltrant would not have been effective to produce a realistic sinus structure, 
due to the presence of un-infiltratedmaterial on the inner region of 3DP 
samples, which was not reached by the silicone coating.  
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Table 8.4: FRED testing results of silicone coated 3DP samples of 0.5mm thickness. 
Infiltrant Cutting force  
(N) 
Standard 
Deviation 
(N) 
Thickness 
(mm) 
Control (un-infiltrated) 9.28 ±2.73 0.72 
MM282 15.57 ±1.52 1.09 
MM282 diluted 10% 14.10 ±2.61 0.94 
Cosmesil M511 15.15 ±1.49 1.58 
Cosmesil M511 diluted 10% 12.17 ±1.18 1.33 
AS1521 14.25 ±2.19 2.16 
AS1620 15.56 ±2.51 1.17 
2577 10.96 ±2.98 0.81 
 
 
 
 
Fig. 8.9: Cutting force (N) results of silicone coated 3DP samples measured with FRED 
testing. 
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Fig. 8.10: Thickness results of silicone coated 3DP specimens of 0.5mm nominal 
thickness. 
 
The first impression from the mechanical results obtained by silicone 
coating was certainly positive. The cutting force values recorded with FRED 
testing were in a range between approximately 11N and 15N. Compared to the 
control group (i.e. green part), the silicone coated samples produced a small 
increase in the measured cutting force, which appears to imitate the softness of 
mucosal tissue. The main contributions to the mechanical strength of the 3DP 
samples were achieved through other infiltrants tested in the previous section.  
The elastomers were homogeneously distributed over the objects’ 
surface. However, because of the considerable viscosity of these materials, 
they were not able to penetrate within the porous structure of the part. Only 
2577 silicone, a very low viscosity elastomer, was able to infiltrate the part. 
However, the aim of the silicone was to reproduce the external soft tissue 
(mucosal layer) typical of sinus tissue. 
The thickness of the coated specimens was adopted as a relevant 
criterion for the silicone selection. Excluding 2577 silicone, the coating with 
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MM282, MM282 diluted 10% and AS1620 offered the thinnest and most uniform 
coverage compared to the other groups, as showed by the physical 
measurement results (Fig. 8.10). This is explained by the lower viscosity of 
MM282 and AS1620 materials. The viscosity of MM282 silicone can be further 
reduced through dilution with a silicone fluid. However, diluting a silicone 
beyond a recommended limit (10%) can dramatically reduce the amount of 
cross-links and adversely affect the physical properties of the silicone itself.  
Cosmesil M511 is traditionally employed for maxillofacial prostheses 
manufacturing at the maxillofacial lab of QMC Hospital of Nottingham owing to 
its particular properties, such as being bioinert with external human tissue 
however, it is relatively more expensive than conventional silicones. These 
specific properties were not required in this project. In addition, Cosmesil M511 
needs specific curing conditions, such as high temperature, as with most 
condensation silicones.  
Another appreciated property of silicones was the adhesion capacity to 
substrates. Materials such as AS1521 and AS1620 are sealant-type 
elastomers, which are characterized by outstanding adhesive properties. This 
attribute is important for an effective adhesion of silicone to variable substrates. 
In addition, a realistic simulation material for soft tissue had to replicate the 
adhesion characteristics between bone and soft tissue. AS1620 was preferred 
over AS1521 for its lower viscosity. 
Following all these considerations, MM282 and AS1620 were selected 
for further investigation on sinus model manufacturing.  
 
8.7  Results of Multi-Material Infiltration  
 
Following the results of single stage infiltration (Section 8.5), the 
possibility of combining several materials during the infiltration phase of 3DP 
samples was explored. An infiltrant was first applied to the green 3DP sample 
(primary infiltrant) and once it was cured, a second substance was applied 
(secondary infiltrant). The idea was to exploit the properties of the individual 
compounds to achieve a realistic cutting force in the manufactured parts. It was 
seen that infiltrants, such as epoxy resin and polyester resin, presented fracture 
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force values over an acceptable limit. On the other hand certain substances, 
such as wax, wood hardener and polyurethane varnish, were too weak to 
effectively simulate tougher sinus regions. Owing to these considerations, they 
were selected as primary infiltrants on the multi-stage infiltration test. They were 
expected to optimise the strength deriving from the application of a secondary 
infiltrant, such as cyanoacrylate, epoxy resin and polyester resin, which might 
penetrate in a lower amount, due to the lower percentage of free pores. The 
external silicone coating was not applied at this stage of the investigation. 
The material combinations chosen for investigations were: 
1. Paraffin wax + Cyanoacrylate 
2. Paraffin wax + Epoxy resin 
3. Paraffin wax + Polyester Resin 
4. Acetate + Cyanoacrylate 
5. Acetate + Epoxy resin 
6. Acetate + Polyester resin 
7. Polyurethane + Cyanoacrylate 
8. Polyurethane + Epoxy resin 
9. Polyurethane + Polyester resin 
 
8.7.1 FRED Testing Results 
 
Two different thicknesses of FRED test samples were tested, 0.5mm and 
1mm respectively, with the aim to extend the range of thicknesses according to 
the broad variety of human sinus structures. The recorded cutting forces 
showed that the combination of different infiltrant substances allows the 
modulation of the mechanical properties of the infiltrated samples (Table 8.5) 
(Fig. 8.11).  
 
 
 
 
 
 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 8 – Simulation of Sinus Tissue Properties by Variations of 3DP Materials  136 
 
Table 8.5: FRED testing results of infiltrated 3DP samples of 0.5mm and 1.0mm 
thickness. 
Ref. Infiltrant 
combination 
Cutting 
force (N) – 
0.5mm 
S.D. 
.(±N) 
T. 
(mm) 
Cutting 
force (N) – 
1.0mm 
S.D. 
(±N) 
T. 
(mm) 
1 Paraffin Wax +  
Cyanoacrylate 
15.9 3.04 0.87 21.43 3.18 1.17 
2 Paraffin Wax +  
Epoxy Resin 
17.15 1.99 0.88 20.48 2.95 1.11 
3 Paraffin Wax +  
Polyester Resin 
24.40 3.47 0.96 37.27 3.68 1.22 
4 Acetate +  
Cyanoacrylate 
34.68 4.64 0.79 39.17 3.17 1.11 
5 Acetate +  
Epoxy Resin 
19.04 1.93 0.76 30.80 3.25 1.09 
6 Acetate +  
Polyester Resin 
35.24 4.08 0.83 40.32 3.52 1.14 
7 Polyurethane + 
Cyanoacrylate 
24.15 3.31 0.81 29.09 4.34 1.08 
8 Polyurethane + 
Epoxy Resin 
18.34 3.27 0.79 22.86 1.43 1.06 
9 Polyurethane + 
Polyester Resin 
25.43 3.46 0.84 30.73 5.62 1.13 
Note: S.D.=standard deviation, T.=thickness. 
 
 
Fig. 8.11: FRED testing results of multi-material infiltration. 
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The cutting forces of paraffin wax, polyurethane resin and acetate were 
increased by the application of a second infiltrant. Epoxy resin, cyanoacrylate 
and polyester resin presented lower values once applied subsequently to other 
infiltrants, such as paraffin wax, polyurethane resin and acetate.  
Some groups, such as “paraffin wax + polyester resin”, “acetate + 
cyanoacrylate” and “acetate + polyester resin” exhibited cutting forces higher 
than those experienced with sinus tissue.   
 Some adhesion issues were exhibited by “paraffin wax + second 
infiltrant” groups. In those cases, the external layer of the second infiltrant, 
which did not effectively penetrate within the pores, seemed to delaminate from 
the sample surface.  
 
8.7.2 DOP Testing Results  
 
 In this multi-material infiltration test, only the DOP of the second infiltrant 
had been measured (Table 8.6) (Fig. 8.12). The DOP of the infiltrant, when 
applied alone, had already been assessed in the previous tests (Section 8.5.2).  
 
Table 8.6: Depth of Penetration measurement results of multi-material infiltrated samples. 
INFILTRANT 
COMBINATION 
Left  
(mm) 
Right  
(mm) 
Bottom 
(mm) 
Top 
(mm) 
Average 
(mm) 
Paraffin Wax + 
Cyanoacrylate 
0 0 0 0 0 
Paraffin Wax +  
Epoxy Resin 
0.84 0.64 0.98 1.89 1.09 
Paraffin Wax +  
Polyester Resin 
0.88 0.68 1.17 0.46 0.80 
Acetate +  
Cyanoacrylate 
2.70 2.24 1.51 1.07 1.88 
Acetate + 
 Epoxy Resin 
7.5 7.5 7.5 7.5 7.5 
Acetate +  
Polyester Resin 
4.55 3.93 3.52 0.39 3.10 
Polyurethane + 
Cyanoacrylate 
1.56 1.52 1.28 1.06 1.36 
Polyurethane + 
Epoxy Resin 
6.27 6.11 5.66 4.59 5.66 
Polyurethane + 
Polyester Resin 
2.42 1.27 0.94 0.61 1.31 
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Fig. 8.12: Depth of Penetration (DOP) results of multi-material infiltration. 
 
As was expected, the penetration of the substances applied to 3DP 
specimens infiltrated with paraffin wax was lower compared to the other groups. 
Samples infiltrated with Acetate and Polyurethane resin as the first infiltrant 
seemed to allow the penetration of a second substance. Cyanoacrylate did not 
exhibit penetration distances depth greater than 1.88mm, similar to the values 
recorded on the single infiltration test. Epoxy resin presented the highest values 
of penetration among the secondary infiltrants.  Generally, the DOP measured 
on the left and right side was higher than top and bottom DOP (Table 8.6). This 
issue is discussed further in the Discussions Section 13.2.    
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8.7.3 Qualitative Evaluation by Clinical Staff 
 
 
 At this stage it was crucial to obtain feedback from the surgical clinician 
regarding the produced materials which were tested at QMC Hospital in 
Nottingham. The surgeon, Mr. Sama, used a through-cutting rongeur to test the 
specimens. A summary of the qualitative evaluation is reported in Table 8.7. 
 
Table 8.7: Summary of qualitative evaluation of clinician over the infiltrated 3DP 
specimens. 
Ref.  Infiltrant combination Feedback 
1 Paraffin Wax+ Cyanoacrylate 0.5mm: Nice crisp feel similar to middle 
turbinate 
1.0mm: Too hard and slightly brittle, tendency 
to fracture laterally 
2 Paraffin Wax + Epoxy Resin 0.5: Good, between the medial wall and 
middle turbinate; firmer than anterior ethmoid 
1.0mm: Same thickness as the medial wall; 
fractures more laterally than expected 
3 Paraffin Wax+ 
Polyester Resin 
0.5mm: very brittle 
1.00mm: hard and brittle; consistent with 
medial wall but too thick 
4 Acetate + Cyanoacrylate 0.5mm: Tough but brittle feel 
1.00mm: same as 0.5mm 
5 Acetate + Epoxy Resin 0.5mm: behaves similarly to medial wall 
1.00mm: too hard 
6 Acetate + Polyester Resin 0.5mm: too hard 
1.00mm: too hard 
7 Polyurethane + Cyanoacrylate 0.5mm : too hard 
1.00mm: too hard 
8 Polyurethane + Epoxy Resin 0.5mm: very good; behaves and cut as 
expected of the anterior ethmoid and middle 
turbinate; soft, moves with pressure 
1.00mm: consistent with medial wall, although 
need an increase in thickness to 1.25mm 
9 Polyurethane + Polyester Resin 0.5mm: too hard 
1.00mm: too hard 
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 In the professional opinion of the surgeon, it was concluded that 
“Polyurethane + Epoxy Resin” infiltrated samples were the most representative 
of the anterior ethmoid (at 0.5mm) and the medial wall (1.0mm), followed by the 
combination “Paraffin wax + Epoxy resin”, which replicated cutting 
characteristics of the medial wall and middle turbinate. 
 
8.8 Additional Tests of Multi-Material Infiltration 
 
Following the results presented in the previous section, a second test 
was conducted in order to analyse further combinations of substances used in 
the multi-material infiltration. The feedback received from the surgeon on the 
infiltrated samples was helpful for refining and producing a second series of 
infiltrated specimens. For example, it emerged that “acetate + epoxy resin” and 
“polyurethane + epoxy resin” were particularly appreciated for their realistic 
cutting behaviour. Substances, such as polyester resin and cyanoacrylate, were 
not considered appropriate in the multi-material infiltration and were excluded 
from further tests.   
In this section, epoxy resin was diluted with acetone in order to decrease 
the amount of cross-links and, consequently, reduce the mechanical strength of 
this material. Therefore, once the two-component epoxy resin was prepared the 
acetone was added in 10:2 (Epoxy:Acetone) ratio. 
Silicone products, such as AS1620 and MM282, were adopted for the 
coating of pre-infiltrated 3DP samples. A silicone fluid was used to thin MM282 
and to improve its flow over the samples. In conventional moulding applications, 
a maximum amount of 10% of silicone fluid can be added to thin the silicone. 
The low viscosity of the applied silicone was a key factor for the coating of a 
complex sinus model, which is characterised by intricate geometry and 
restricted access. 
The proposed material combinations were as follows: 
10. Polyurethane + Epoxy Resin (Diluted with Acetone 10:2) 
11. Acetate + Epoxy Resin (Diluted with Acetone 10:2) 
12. Acetate (x2) + Epoxy Resin (Diluted with Acetone 10:2) 
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13. Polyurethane + Epoxy Resin (Diluted with Acetone 10:2) + 
AS1620 
14. Acetate (x2) + Epoxy Resin (Diluted with Acetone 10:2) + AS1620 
15. Polyurethane + Epoxy Resin (Diluted with Acetone 10:2) + MM282 
(Thinned 15%) 
16. Acetate (x2) + Epoxy Resin (Diluted with Acetone 10:2) + MM282 
(Thinned 15%) 
17. Paraffin Wax + Epoxy Resin (Diluted with Acetone 10:2) +MM282 
(Thinned 15%) 
18. Paraffin Wax + Epoxy Resin (Diluted with Acetone 10:2) + 
AS1620 
8.8.1 FRED Testing Results 
 
 The FRED equipment was employed for the dissection test, as for 
previous sections. The average peak force intensity was calculated and values 
were reported (Table 8.8) (Fig. 8.13).   
 
Table 8.8: Results of FRED testing of multi-material infiltrated 3DP samples. 
Ref. Infiltrant combination Cutting  
force (N) – 
0.5mm 
S.D. 
(±N) 
T. 
(mm) 
Cutting 
force (N) – 
1.0mm 
S.D. 
(±N) 
T. 
(mm) 
10 Polyurethane + 
Epoxy(Dil. 10:2) 
26.14 3.07 0.68 28.04 2.13 1.02 
11 Acetate + Epoxy(Dil. 
10:2) 
24.74 3.15 0.72 28.75 2.26 1.04 
12 Acetate(X2) + 
Epoxy(Dil. 10:2) 
23.89 2.27 0.71 28.35 2.97 1.05 
13 Polyurethane + 
Epoxy(Dil. 10:2) + 
AS1620 
19.69 2.83 1.18 23.85 1.50 1.54 
14 Acetate(X2) + 
Epoxy(Dil. 10:2) + 
AS1620 
22.66 2.78 1.12 30.96 1.73 1.51 
15 Polyurethane + 
Epoxy(Dil. 10:2) + 
MM282(10%) 
18.33 2.89 0.89 25.03 3.09 1.30 
16 Acetate(X2) + 
Epoxy(Dil. 10:2) + 
MM282(10%) 
23.51 2.19 0.82 30.70 2.12 1.29 
17 Paraffin Wax + 
Epoxy(Dil. 10:2) + 
MM282(10%) 
8.22 1.40 0.92 12.93 3.02 1.57 
18 Paraffin Wax + 
Epoxy(Dil. 10:2) + 
AS1620 
9.52 2.40 1.22 14.16 2.93 1.63 
Note: S.D.=standard deviation, T.=thickness. 
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Fig. 8.13: Results of FRED test conducted on multi-material infiltrated samples. 
 
Most of the recorded cutting force values were in the range of those 
acquired from the human sinus tests. 
Similarly to the previous FRED testing of multi-material infiltrated 
samples, the use of primary infiltrants, such as acetate, paraffin wax and 
polyurethane varnish, seemed to diminish the strength of infiltrants applied in 
the second instance, such as epoxy resin (Fig. 8.13).  
Low cutting force values were experienced with paraffin wax infiltrated 
specimens. Compared to the previous FRED testing, where wax was used as 
first infiltrant, the values were lower. The reason for this is not clear; however it 
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might be caused by both the dilution of the applied epoxy resin and a lesser 
penetration of the latter. 
In most of the groups, excluding those involving paraffin wax, the dilution 
of epoxy resin seemed to slightly increase the final cutting force, compared to 
the previous FRED testing results of multi-material infiltrated samples. This may 
be due to the lower viscosity of epoxy resin once diluted, and consequently a 
higher amount of resin penetrating into the pores.  
Minor differences in terms of cutting force were observed between the 
two types of silicones, AS1620 and MM282, as it may be expected since the 
MM282 silicone exhibited a better distribution over the 3DP samples, and it 
produced a thinner external coating compared to AS1620.  
 
8.8.2 Qualitative Evaluation by Clinical Staff 
 
 The combination of infiltrant materials proposed on Section 8.8 was 
evaluated by Mr. Sama. The aim of the survey was to obtain a feedback about 
the materials in terms of appearance, dissection force and overall feeling 
compared with real human sinus tissue. The experience of a surgeon was 
essential to determine realistic infiltrant combinations. The results from this 
qualitative evaluation complemented the values of fracture force obtained by 
FRED test (Section 8.8.1). 
 As before, the dissection test on the infiltrated samples was conducted 
blindly by the surgeon, who was not informed of the specific material 
combinations. 
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Tab. 8.9: Survey conducted by expert ENT surgeon on infiltrated materials. 
Ref. Infiltrant combination Feedback 
10 Polyurethane + Epoxy(Dil. 10:2) 0.5mm: Good feeling 
1.0mm: Good feeling  
11 Acetate + Epoxy(Dil. 10:2) 0.5mm: Slightly too brittle, nice feeling overall 
1.0mm: Nice feeling at the instrument and 
good cutting behaviour 
12 Acetate(X2) + Epoxy(Dil. 10:2) 0.5mm: Better feeling than single acetate 
infiltration (Group #11). 
1.0mm: Sample behaves similar to medial 
wall. 
13 Polyurethane + Epoxy(Dil. 10:2) + 
AS1620 
0.5mm: Slightly too fragile and brittle.  
1.0mm: The thickness is similar to medial wall. 
14 Acetate(X2) + Epoxy(Dil. 10:2) + 
AS1620 
0.5mm: The sample is consistent with middle 
turbinate. Nice brittle behaviour. 
1.0mm: Is too tough, not realistic. 
15 Polyurethane + Epoxy(Dil. 10:2) + 
MM282(10%) 
0.5mm: Too brittle, lack of toughness. 
1.0mm: Lack of toughness. 
16 Acetate(X2) + Epoxy(Dil. 10:2) + 
MM282(10%) 
Similar to group #14. 
17 Paraffin Wax + Epoxy(Dil. 10:2) + 
MM282(10%) 
0.5mm: The sample behaves similar to bulla 
ethmoidalis. 
1.0mm: Too soft material.  
18 Paraffin Wax + Epoxy(Dil. 10:2) + 
AS1620 
0.5mm: Behaves like bulla ethmoidalis with 
similar thickness. 
1.00mm: Slightly too soft. 
 
The qualitative evaluation conducted by Sama revealed both drawbacks 
and advantages of the proposed material combinations, and allowed 
determination of infiltrant solutions to be adopted in the sinus phantom.  
For instance, a combination of “Paraffin wax + Epoxy Resin (Diluted 
20%) + MM282 (Diluted 10%)” was considered adequate to resemble the bulla 
ethmoidalis. 
A combination of “Acetate + Epoxy Resin (Diluted 20%) + Silicone 
(AS1620 or MM282)” was evaluated to be similar to the middle turbinates. 
The group of “Acetate + Epoxy Resin (Diluted 20%)” was found realistic 
in terms of cutting behaviour, which was comparable to that of the medial wall, 
in particular for samples of 1.00mm thickness. 
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 The surgeon expressed a positive impression of the realistic appearance 
of the produced specimens, which presented fracturing behaviour similar to the 
human sinus. The texture of the infiltrated specimens was also considered 
realistic and consistent with sinus tissue. The use of silicone for the external 
coating contributed to the enhanced realistic appearance of the synthetic sinus 
material. 
 
8.9 Review of Results 
 
 In this chapter several methods and materials have been investigated in 
the attempt to reproduce, with the 3DP technology, simulation materials with the 
same cutting characteristics of human sinus assessed with FRED testing 
(Chapter 7). In particular, the infiltration of the 3DP green parts has shown to be 
an efficient post-processing method.  
 Following the FRED testing and the qualitative evaluation of the 3DP 
simulation samples conducted by a clinician (Mr. Sama), some materials 
combinations were identified as appropriate for reproducing some 
representative structures of the sinus complex, summarized as follows: 
 
Tab. 8.10: Summary of the infiltrants combinations considered appropriate for 
reproducing the realistic cutting behaviour of the sinus structures. 
Sinus structure Infiltrants combination 
Bulla Ethmoidalis -Paraffin Wax + Epoxy Resin (dil. 20%) + MM282 (dil. 10%) 
(0.5mm) 
Medial Wall -Polyurethane + Epoxy Resin (1.0mm) 
-Acetate + Epoxy Resin (0.5mm) 
-Acetate + Epoxy Resin (dil. 20%) (both 0.5 and 1.0mm) 
Middle Turbinate -Paraffin Wax + Cyanoacrylate (0.5mm) 
-Paraffin Wax + Epoxy Resin (0.5mm) 
-Polyurethane + Epoxy Resin (0.5mm) 
-Acetate + Epoxy Resin (dil.20%) + Silicone (MM282 dil. 10% 
or AS1620) (0.5mm) 
Anterior Ethmoid -Polyurethane + Epoxy Resin (0.5mm) 
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 A combination of infiltrants combination which resembles the entire sinus 
complex has not been obtained. Therefore, the choice of infiltrant is dependent 
on the specific region of interest. It was also not possible to locally control the 
mechanical properties of the 3DP sinus samples, through infiltration. This 
represents a limitation of the 3DP process and the relative methods adopted in 
this research. This issue will be discussed further in Chapter 13. 
 In the next chapter the investigation focuses on the characteristics of the 
internal structure of 3DP parts and the consequent effect on their mechanical 
behaviour, measured with FRED testing apparatus. 
 
147 
 
9. Internal structure characterization of 3DP 
parts: in-process Non-Destructive Analysis 
(NDA) 
 
 
9.1 Introduction 
 
In the previous chapter (Chapter 8), the potential to tailor the mechanical 
properties of the 3DP parts by variation of the infiltration materials was 
demonstrated. The second approach of this research focuses on the variation of 
the internal structure of the 3DP parts, which was hypothesised as also being 
potentially influential on the final mechanical attributes. In this chapter the 
author presents the work conducted in the development of a method for the 
characterisation of the internal features of a 3DP part. While, in the next chapter 
(chapter 10), the effects of the alteration of the internal structure on the 
mechanical properties are described. 
The 3DP process comprises of the deposition of a water-based binder 
over a powder bed. As described in section 3.4.1, the 3D printer follows a 
particular internal print pattern during manufacture. By viewing the process in 
operation, it can be noticed from the cross sections that an external boundary 
(shell), is developed with a fixed thickness. The inner area (core) consists of the 
selective amount and position of binder deposition, with varying degrees of 
saturation, and it is normally left uncoloured (Fig. 9.1).   
 
Fig. 9.1: Schematic representation of 3DP build strategy on the inner region of a 
manufactured part. 
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As introduced earlier, a preliminary investigation conducted on 3DP parts 
investigated the effect of the internal structure on the drilling force measured 
through specific equipment (Edmonds, 2007) (Fig. 9.2, Fig. 9.3). In that 
occasion, the role of the internal structure was clearly visible, in particular the 
external shell which determined an increasing of the recorded drilling force 
corresponding to the incidence of the shell layer (Fig. 9.3). Optical analysis of 
the internal characteristics of 3DP samples was limited to the visible features, 
such as the coloured shell. None of the elements of the core area were visible 
and hence not measureable under microscopy.  
 
 
Fig. 9.2: Drilling equipment used on preliminary test of 3DP parts (Edmonds, 2007).  
 
Fig. 9.3: Drilling force throughout 3DP green samples. An increase of the force 
magnitude corresponding to the external shell of the 3DP part is observed (Edmonds, 
2007). 
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It is hypothesised that the alteration of the printed pattern, comprising of 
the shell and core, may allow a local control of the mechanical characteristics, 
and, consequently, the cutting properties of the printed specimens. Before 
altering the internal features of the printed parts, it was necessary to develop an 
appropriate method for analyzing and measuring the inner region of 3DP 
specimens. This method was crucial to determine and verify, and eventually 
alter and control the inner area of printed parts.   
The particular geometry of the internal structures is commercially 
sensitive intellectual property and is therefore not divulged by ZCorporation, nor 
is its alteration openly accessible. Despite this, the characterisation of the 
internal structure was essential for producing novel data to be added to the 
literature.   
Owing to the use of clear binder during printing, which subsequently 
dries to become undetectable, it is not possible to identify and measure the 
internal features of a 3DP part post-process. A solution was to perform the 
measurement in real-time during the printing process when each cross-
sectional printed area is still visible. A proposed method of in-process 
monitoring of 3DP technology represented a useful tool to understand and 
control specific features, which cannot be analyzed with conventional methods 
(e.g. microscopy).  
Real-time non-destructive analysis (NDA) is highly valuable in many 
processes but especially so in additive manufacturing to allow the full 
exploitation of production speed, geometric complexity, and very low production 
volumes. This requirement has been identified as a critical element in the 
International road-mapping report of Additive Manufacturing released in 2009 
(Bourell et al., 2009). 
 
This chapter reports the development of appropriate hardware, software 
and methodology to operate within the printer apparatus, which permits the 
accurate monitoring of the printing process. From the acquired images the 
internal structure of the printed part was characterized in terms of dimension 
and topological distribution of the internal features. Following an image 
processing phase, a total of three different studies were conducted. The first 
ascertained the potential of the system in terms of efficiency and accuracy as a 
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control tool. The other two studies determined the characteristic features of the 
printed cross-section, respectively shell and core. 
 
9.2 Materials and Methods 
 
9.2.1 Vision System Configuration 
 
 Machine Vision is particularly employed in industrial applications for 
monitoring manufacturing processes. It normally comprises of some 
fundamental elements such as a digital camera, an interface, a processor, 
software and an output monitor (Appendix A). Optics and specific lighting are 
also important elements of the vision system. The camera operates as a sensor 
which passes the information (frames) to a processor, which through dedicated 
software, performs several tasks such as image processing, object recognition 
and feature measurements. The output information produced by the software 
could be used for decision making purposes or for controlling actuators and 
other devices. The choice of the correct camera, optics and lighting method is of 
crucial importance. The video system should ensure an acceptable consistency 
of the measurements throughout the manufacturing process. The selection of 
the appropriate hardware relies on the specific case and situation. Each 
particular machine vision application requires consideration of the object to be 
measured, the required resolution, and the characteristics of the manufacturing 
process (speed, moving elements and vibrations, etc.).  
 In this particular case, where the 3DP process was to be analysed, 
several specifications and requirements were identified: 
 
• A single image of each cross-section produced by 3DP had to be 
acquired within the time interval of the printing of each slice; 
• The target features laid on a two-dimensional space (building plane); 
• The minimum resolution of the 3DP was approximately 0.1mm, which 
represented the minimum feature to be identified by the vision system; 
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• The minimum working distance of the camera depended on the height of  
printheads’ carriage, approximately 120mm; 
• The supporting hardware of the camera had to avoid any interference 
with moving parts of the 3D printer; 
• The vibrations induced by the movement of the printer parts could affect 
the quality of the acquired images; 
• The vision system had to been installed inside the 3DP, preserving 
standard working conditions of the printer once the lid was closed; 
• Environmental conditions (room lights, heat, dust, etc.) had to be 
considered; 
• Access to the 3D printer elements by the operator had to be preserved; 
• Alterations to the 3D printer hardware had to be avoided or kept to a 
minimum; 
• The wires of the camera and additional devices (lighting system) had to 
be accessible externally from the 3DP machine, and easily connectable 
to the laptop and power sources. 
 
Traditionally, in machine vision a video camera is used to perform quality 
control over an industrial process. In this industrial field, the camera not only 
controls the physical characteristics of the produced part, but also operates as a 
closed loop system, directly communicating with the machine and adapting the 
manufacturing process accordingly (Appendix A). At this stage, feedback 
control of the 3D printer was not necessary due to the particular requirements, 
nor could it be easily achieved due to the closed architecture of the machine 
software. However, the fundamental elements of this study could lead to a 
future progression in this area. 
 
9.2.2 CMOS Camera and Relative Hardware 
 
For this study, a CMOS (Complementary Metal-Oxide –Semiconductor) 
camera (Trust® WB-6250) was adopted. It provides a CMOS sensor of 1/3 inch 
format (4.8mm x 3.6mm) and a pixel matrix of 1240 x 1024. A high-resolution 
lens with a 35mm focal length (Appendix E) was found to achieve an acceptable 
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resolution. Sensor size, focal length and working distance are related by the 
formula shown in Equation 3 (Fig. 9.4). A specific housing was manufactured to 
host the camera board and the lens, which was a C-mount lens.  
By setting a fixed working distance of 135mm, a final resolution of 
0.029mm could be measured from the acquired images. In this case, such a 
pixel size is acceptable as the minimum printer feature is around 0.1mm. A 
better resolution may be obtained with a longer focal length, but the tradeoff 
would be a reduced field of view.   
 
EFGH IJKLM  NFOJK PQLJGI RSIJQFO NTLM 	UIKML
EVW NTLM 	UIKMLX SIJQFO NTLM 	UIKML
                 (Y) 
 
Fig. 9.4: Schematic representation of relation between FOV, sensor size and foal length. 
 
Specific apparatus was manufactured to support the camera inside the 
3D printer (Fig. 9.5). The camera was fixed over the building plane at a 
minimum working distance of 135mm without interfering with any elements of 
the machine’s moving parts. No alterations to the operating conditions were 
made.   
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Fig. 9.5: The developed video system installed inside the 3D printer. The video system 
did not interfere with the printer architecture. 
The choice of a suitable illumination device was driven by several 
requirements. The light was to be uniform and fit into position above the printing 
plane. A specific ring-light was adopted for this purpose. It comprised of 48 
white LEDs which provided long life expectancy combined with small physical 
size.  The ring-light was used with a circular diffuser in order to further improve 
the light diffusion and avoid the presence of bright dots belonging to the LED 
source appearing on the captured images. 
 
9.2.3 Video and Image Processing 
 
9.2.3.1 Frames Extraction 
 
An automatic method was developed in RoboRealm®, an open-source 
environment for robotic applications. The developed algorithm aimed to limit the 
logging to only the frames of interest, for computational efficiency. Alternatively, 
a proximity sensor, such as an inductive sensor, could have been employed to 
detect the movement of the printer carriage, in order to trigger the camera. 
However this option was not feasible due to the camera characteristics. Of the 
several parameters of the image that could be analyzed in RoboRealm 
software, the movement percentage was found most representative of the 
image variations during the printing process, and was used for triggering the 
camera. The motion percentage was calculated from the difference between the 
images in terms of specific attributes, such as intensity, RGB histogram or 
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texture. Following a preliminary test conducted during the 3DP build cycle, four 
main phases were identified (Fig. 9.6): 
 
A. Jetting: in this period the printheads move along the fast axis (y) and 
pass in front of the camera several times.  
B. Wet layer: after the carriage has passed in front of the camera to collect 
new powder, the field of view remains free until the carriage goes back 
for spreading a new layer of powder. This is the moment in which the 
image of the printed layer should be acquired. The movement 
percentage in this phase is null. 
C. Spreading: during this phase the carriage passes in front of the camera 
to spread a new layer of powder. 
D. Covered layer: like the wet layer phase, the movement percentage is 
null and the FOV remains free until the printheads are cleaned on the 
service station. However, this is not a suitable time to acquire images, as 
the jetted features have been covered by a new layer of powder.  
 
 
Fig. 9.6: Graphical representation of movement percentage, which is an image parameter 
calculated on subsequent frames. A cyclic variation of the motion values can be noticed. 
A group of four phases can be identified: jetting (A), wet layer (B), spreading (C) and 
covered layer (D). The frames of interest are captured during the wet layer phase. 
          
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 9 – Internal Structure Characterization of 3DP parts: NDA analysis  155 
  
Fig. 9.7: State variation of logic variable adopted in the frame extraction algorithm. The 
instant of image acquisition has been highlighted. MOV=movement percentage, 
VAR1=variable 1, VAR2=variable 2. The movement percentage is not a binary variable, as 
it was described in this figure only for practical purposes. This parameter was used to 
appropriately trigger the camera acquisition. 
 
Image 
acquisition 
Image 
acquisition 
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Fig. 9.8: Flow chart of the algorithm used for frame acquisition during 3DP process. 
M=movement percentage. 
 
The appropriate period for the frame acquisition was during the “wet 
layer” phase, when the movement percentage was null. An appropriate 
algorithm was implemented in RoboRealm (Error! Reference source not 
found.), which employed the movement percentage as the determining 
parameter to trigger the camera. The algorithm adopted two additional binary 
variables to determine the right instant for the acquisition, VAR1 and VAR2. The 
variation of the movement percentage (MOV) controlled the state of the first 
binary variable VAR1 (Error! Reference source not found.). A second binary 
variable VAR2 was controlled by VAR1(Error! Reference source not found.), 
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in order to avoid the acquisition during the “covered layer” phase (D), during 
which the movement would be null as in “wet layer” phase (B). 
 
9.2.3.2 Image Processing 
 
The first element of the image processing concerned flat field calibration, 
also known as background subtraction. This is a technique employed to reduce 
the effect of vignetting, caused by the different response of pixels to the light. 
For instance, pixels close to the edge of the image appear darker than those 
near the centre (Fig. 9.9A).  
 
     
Fig. 9.9: single exposure picture (A), flat field picture used for calibration (B) and 
resulting picture after image calibration (C).  
 
In addition, flat field calibration contributes to reducing the gradient of 
illumination affecting the images. Before starting the printing process a flat field 
image was obtained. A series of subsequent frames of the blank powder bed 
(i.e. without printed objects present) was acquired and averaged (Fig. 9.9B). 
The resulting image was then inverted and subtracted from each single frame 
captured during the printing job, resulting in more equal illumination within the 
image (Fig. 9.9C). 
Following the calibration process, a characteristic Gaussian noise still 
affects the single images. This noise is typically random. If an optimal number of 
frames are available an averaging technique can be adopted for this type of 
noise (Appendix B). Considering K images, the variance of the averaged image, 
is of a lower K factor than the initial image. The averaging technique is a reliable 
method to reduce the random noise. As a result the SNR (Signal to Noise Ratio) 
on the final image is increased. However, due to the frame rate limitation this 
approach was not possible. Alternatively, a non-linear filter (i.e. median filter) 
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was applied to the images (Appendix B). Compared to other filtering techniques, 
this method has been shown to preserve more detail (Burger et al., 2008).  
One of the main challenges was presented by the low contrast of the 
jetted features, in particular those in clear binder. Since the powder bed is white 
and the binder is clear, it does not generate a high contrast as the coloured 
binder does. However, an acceptable result was obtained through histogram 
equalization techniques, normally used for contrast enhancement.  
After the images were processed, an “Otsu” iterative method was applied 
as a thresholding method (Appendix B). This allowed the printed features to be 
correctly segmented from the surrounding plain powder.  
  
9.2.4 3D Printer and Building Parameters 
 
A Z510 Spectrum was adopted in this study. The manufacturers 
recommended printing parameters were set as in Table 9.1. 
 
Table 9.1: Powder settings used on Z510 Spectrum for ZP130 powder. 
Printing parameter Value 
Layer thickness 0.1mm 
Saturation (Shell) 100% 
Saturation (Core) 50% 
Bleeding Compensation (X) 0.16764 mm 
Bleeding Compensation (Y) 0.15494 mm 
Bleeding Compensation (Z) 0.12446 mm 
 
9.3 Studies Description 
 
9.3.1 Study 1 – comparison of video measurement and physical 
dimensions 
 
One of the aims of this investigation was to establish a reliable method to 
analyze the printed elements at all the building steps, i.e. CAD > 3DP > final 
part. For this purpose, a specific part has been designed (Solid Edge® v20). A 
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total of four benchmark features have been included, of 0.5mm, 1mm, 2.5mm 
and 5mm. The part was oriented in two different directions on the xy plane of 
the building chamber (Fig. 9.10). This was to allow the measurements along 
both the x and y direction. Afterwards, the four dimensions selected for 
benchmarking were quantified and compared in the three phases mentioned 
above. The CAD model represented the nominal dimension, which the other 
two phases were compared with. The final 3DP part was measured by vernier 
measuring calliper. 
 
 
Fig. 9.10: CAD model of part developed for study 1 (A), relative dimensions (B), 
orientation in building chamber (C) and second orientation, called “X orientation” (D). 
 
9.3.2 Study 2 – Shell Characterization 
 
A second study was performed to analyze the dimensions of the external 
shell of the 3DP part. If colour is adopted, the external boundary could be 
clearly identified after each cross-section is printed. Note that it is only possible 
to colour the external surfaces with ZCorp 3DP. However, by its design, the in-
process acquisition also permitted the measurement of a clear printed shell. A 
specific test part was developed to analyze the shell dimension with different 
C D
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printed features (Fig. 9.11), comprising of a square, a triangle, a circle and a 
convex shape. This strategy aimed to identify any relationship between a 
specific shape and the shell thickness. Regarding the printer settings, the 
bleeding compensation was kept enabled (Table 9.1). The part model was 
positioned at the centre of the building chamber.  
 
 
 
Fig. 9.11: 3D model of the part used for shell analysis (A) and the relative dimensioning 
(B).  
 
9.3.3 Study 3 – Core Characterization 
 
Following the analysis of the shell dimensions, another study focused on 
the features printed on the inner region of a manufactured part, e.g. the core. In 
particular, this third study aimed to confirm the reliability of the proposed 
method in measuring structures which could not be identified and measured 
post-process. A specific part was designed (25mm X 25mm X 20mm) and 
subsequently manufactured on the 3D printer. In theory, the height of 20mm 
was expected to offer approximately 200 layers (layer thickness of 0.1mm), 
which was deemed sufficient to describe the variation of the printed regions in 
terms of position, dimension and orientation. For the purpose of this study, 
external colouring of the sample was neglected and kept clear, as the study 
concentrated on the inner area, which is conventionally printed with clear 
binder. The printing parameters were kept as default for the adopted powder 
(Table 9.1). 
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9.4 Results 
 
A target benchmark comprising of a printed grid of 5mm spacing was 
used to assess the spatial resolution (pixel size) of the video system. The grid 
was positioned at the same working distance adopted on the 3D printer (i.e. 
135mm), and an image was acquired and analyzed in ImageJ software. A 
series of measurements conducted on the benchmark image allowed the 
calculation of the pixel size, dividing the amount of pixels contained within a 
known distance (in metric units) by this distance. The pixel size was determined 
0.029mm.   
The developed machine vision apparatus allowed a reliable in-process 
image acquisition, without interfering with the 3D printer movements and without 
affecting the printing conditions (such as temperature). 
 
9.4.1 Results of Study 1 
 
The first study aimed to ascertain the feasibility of the developed video 
acquisition. After a suitable part was designed, its dimensions on the xy plane 
have been quantified for each phase of the manufacturing process: CAD, 
printing process and final part. These were used as a control benchmark.  
            
 
Fig. 9.12: Frame extracted from the video acquisition (i) and binarized image (ii) reporting 
the 4 target dimensions: A=0.5mm, B=1mm, C=2.5mm and D=5mm. 
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The first phase of the analysis concerned the measurement of the 
pictures acquired in-process. After the single frames were extracted from the 
video, they were processed following the method described in Section 9.2.3.2. 
A calibration was performed to avoid the gradient of illumination, characterizing 
the entire pictures. Then, a median filter was applied with the intention of 
reducing the noise. The thresholding phase required particular attention 
because the edge of the object to be segmented was not discrete and a blurring 
effect was noticeable. Therefore, the choice of a correct thresholding value was 
critical, because it could affect the final measurements. The lack of a sharp 
edge could have been due to different factors, such as the bleeding of the jetted 
binder or the influence of the jetted layer below. The Otsu method was found 
appropriate for a correct segmentation of the edges, following some 
observations of the results.   
The quantitative analysis focused on four elements, shown in Fig. 9.12. 
After the edges of each target element were extracted (Fig. 9.13), the distance 
in pixels between the two boundaries was calculated and converted in metric 
units (mm).  
 
 
Fig. 9.13: Thickness assessment of target features. The acquired frame (A) is cropped to 
limit the area to the target element (B). Then, the boundaries are extracted (C) and the 
distance between them is calculated and reported (D). 
 
The thickness of these features was then compared with their nominal 
value and the results from the calliper measurements (Table 9.2). The vernier 
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calliper permits an accuracy of 0.02mm. With this level of precision, the calliper 
was assumed to be an acceptable tool to ascertain the dimension of a 3DP part, 
although a lot of attention should be taken to avoid an excessive contact 
pressure causing a depression of the printed part.  
The results are presented separately for the four benchmark thicknesses: 
0.5mm, 1mm, 2.5mm and 5mm (Fig. 9.14-Fig. 9.17).  
 
Table 9.2: Deviation (mm) from the nominal value (v=video, c=calliper). 
Group 0.5mm 1mm 2.5mm 5mm 
 v c v c v c v c 
Colour +0.29 +0.29 +0.10 +0.15 -0.12 0 -0.07 +0.02 
Colour X +0.39 +0.39 +0.12 +0.12 -0.01 +0.06 +0.08 +0.12 
Clear +0.39 +0.44 +0.21 +0.22 0 +0.1 -0.07 +0.14 
Clear X +0.29 +0.42 +0.11 +0.16 +0.13 +0.16 +0.15 +0.13 
 
 
 
Fig. 9.14: Comparison between video and calliper measurement of 0.5mm feature. 
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Fig. 9.15: Comparison between video and calliper measurement of 1mm feature. 
 
 
Fig. 9.16: Comparison between video and calliper measurement of 2.5mm feature. 
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Fig. 9.17: Comparison between video and calliper measurement of 5mm feature. 
 
9.4.2 Results of Study 2  
 
As for the previous study, the images obtained from the video acquisition 
were processed and the printed features segmented. Two different versions of 
the same part have been manufactured, clear (Fig. 9.18A) and coloured (Fig. 
9.18B) respectively.  
 
 
Fig. 9.18: Frames of printed part on clear version (A) and coloured version (B). Note the 
printing strategy on the inner region of the part, in particular the outer shell and the 
internal printed areas (core).  
 
After the image processing has been performed, the shell thickness has 
been quantified (Fig. 9.19).  
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Fig. 9.19: Steps followed on shell measurement. The captured frame (A) is cropped (B) 
and the shell is segmented (C). Then, the skeleton (D) and the distance map (E) are 
calculated. The shell thickness is calculated from the combination of these two masks (F)  
 
Following the segmentation of the features of interest, an initial mask 
was obtained applying a “skeletonise” method, which reduced the object to its 
centre line (skeleton), equally distant from the boundaries (Appendix B). The 
result of the skeletonization was coupled to the result of the Euclidean distance 
map, which replaced the value of each object’s pixel with its Euclidean distance 
(in pixel units) from the boundaries (Appendix B). Combining these two masks, 
skeleton and distance map, the binary values (“0”) of the skeleton’s pixels were 
replaced by their distance from the boundaries. Then, the mean value of the 
skeleton’s pixels was calculated and doubled to obtain the thickness of the 
selected features. A particular printing strategy was identified for the coloured 
part. In this case both colour and clear binder were applied, respectively on the 
outer and inner side of the shell. For this reason, the final dimension of the shell 
has been reported taking into account both clear and coloured shell.  
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  The results derived from the image analysis, have been specified for 
each shape and external aspect, such as clear and coloured (Table 9.3, Table 
9.4). 
 
Table 9.3: Shell thickness for clear part  
Shell aspect Square Triangle Circle Convex 
Clear (mm) 1.53 1.51 1.55 1.58 
Coloured (mm) - - - - 
Total (mm) 1.53 1.51 1.55 1.58 
 
Table 9.4: Shell thickness for coloured part 
Shell aspect Square Triangle Circle Convex 
Clear (mm) 0.58 0.64 0.57 0.58 
Coloured (mm) 1.11 1.03 1.02 1.06 
Total (mm) 1.69 1.67 1.59 1.64 
 
9.4.3 Results of Study 3 
   
In this study, each single layer of the 200 total layers composing the part 
was acquired through the video monitoring. The frames were processed, as for 
the previous studies, to increase the characteristic low contrast deriving from 
clear binder. This third study focused on the ‘dots’, which are clearly noticeable 
on the inner region of the built part (Fig. 9.20).  
    
 
Fig. 9.20 (A-B-C): Images acquired at different layer during the building process. As it can 
be observed, the internal printed features (‘dots’) in the inner region of the printed part 
change throughout the build in dimension, orientation, density and shape. 
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These particular features change at each layer, in terms of area, 
orientation and shape. In these applications of object recognition, moment 
theory is normally involved (Appendix B). It represents a robust method to 
characterize several attributes of an object in a 2D or 3D space. In the specific 
situation presented in this study, the object to be described corresponds to the 
internal printed elements. Their variability within the layers justifies the adoption 
of moment theory as it permits a complete and efficient description of these 
items. After a binary image was obtained, it was processed to calculate several 
descriptors of the elements present within the image, such as area, centroid, 
orientation, elongation, and density (Fig. 9.21). Centroid and orientation 
corresponded respectively to the centre of mass of each object and to the angle 
between the principal axis of an object and the horizontal axis of the image 
(Appendix B). The elongation was calculated from the ratio between the major 
and the minor axes of the ellipse circumscribing an object. Particle density was 
obtained by counting the number of objects within an area of 4mm2. 
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Fig. 9.21 (A-D): Charts reporting the measurements of the inner ‘dots’ in terms of their 
area (A), elongation (B), angle (C) and density (D). 
0
0.5
1
1.5
2
2.5
3
3.5
1 9 17 25 33 41 49 57 65 73 81 89 97 105 113121 129137145 153161
Layer
AREA A
0
0.5
1
1.5
2
2.5
1 9 17 25 33 41 49 57 65 73 81 89 97 105 113 121 129 137 145 153 161
Layer
ELONGATION  (Major/Minor) B
0
20
40
60
80
100
120
140
160
1 9 17 25 33 41 49 57 65 73 81 89 97 105 113 121 129 137 145 153 161
Layer
ANGLE C
0
2
4
6
8
10
12
14
1 9 17 25 33 41 49 57 65 73 81 89 97 105 113 121 129 137 145 153 161
LAYER
PARTICLES DENSITY D
 
 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 9 – Internal Structure Characterization of 3DP parts: NDA analysis  170 
 
A group of layers, respectively for the bottom and the top of the part, 
have been excluded from the analysis, as the internal “dots” were not clearly 
identifiable. This is due to the fully saturated shell, which is created by the 3DP 
process on the boundaries of the part. Therefore a total amount of 164 frames 
have been processed. 
 
 
Fig. 9.22: Position of the centroid of high-saturation printed ‘dots’. The location of the 
features suggests a standard repetitive pattern is produced.  
 
The results obtained from this study suggested a cyclic approach in the 
manufacturing of the internal features. The calculation of a centroids’ position 
revealed a common location between the single dots (Fig. 9.22). An overview of 
the particles’ descriptors suggests that the printing strategy would result in an 
interconnected internal framework. Therefore, the segmented slices 
corresponding to each single layer were imported into Mimics®. This software is 
conventionally used for 3D model reconstruction from CT or MRI images. 
However, other image formats (TIFF and Bitmap (BMP)) can be imported as 
well. After the slices were imported, they were correctly scaled and oriented. 
The threshold value was fixed at the maximum value (255), because of the 
binary format of the images. At this stage, no morphological operation, such as 
‘opening’ and ‘closing’, was performed in order to preserve as many details as 
possible on the final model. Eventually, a 3D model of the structure printed at 
high saturation was obtained (Fig. 9.23), which allowed the visualization of the 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 9 – Internal Structure Characterization of 3DP parts: NDA analysis  171 
inner pattern produced during the 3DP process. The external shell and the inner 
core (mesh structure) can be appreciated. 
 
 
Fig. 9.23: Isometric view of reconstructed 3D model of (high saturation) internal printed 
structure.  
 
9.5 Review of Results 
 
The aim of this study was to establish a method to evaluate and measure 
the internal structure of a 3DP part. The internal pattern comprised of an 
external shell and an inner core, which was characterized by multiple dots 
printed at high saturation. The developed video system was an essential tool for 
the investigation conducted on the internal structure of a 3DP part. Following 
the results obtained from the infiltration test (Chapter 8), the second step of the 
research, presented in the next chapter (Chapter 10) explores the alteration of 
the characteristics of the inner pattern and the effect on the cutting force 
5mm 
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experienced during surgical dissection was assessed. It was hypothesised that 
the manipulation of the internal structure characteristics may allow the 
modulation of the cutting force, and further aid the replication of surgical cutting 
properties of each sinus area. 
 
173 
 
10. Variations of the Internal Structure of 3DP 
Parts 
 
 
10.1  Introduction 
 
    
In this chapter, the research addresses objective d) of the main project 
(COMBO), in accordance with the plan presented in Fig. 5.3. 
  
Tests conducted on the infiltration of 3DP materials (Chapter 8) showed 
the reliability of post-processing methods for the replication of sinus tissue 
properties. It was possible to resemble the same surgical cutting behaviour of 
different sinus regions. The cutting properties of the produced parts varied in 
relation to the adopted infiltrant combination which was applied homogeneously 
to the porous parts. It was not possible to locally control the properties of the 
3DP samples, and consequently manipulate the cutting behaviour at specific 
locations.  
 
The next step of the research focused on altering the characteristics of 
the internal structure of 3DP parts, and evaluating the effect on their mechanical 
properties. A correlation between these two elements had already been 
suggested in a preliminary investigation (Edmonds, 2007) (Fig. 9.3). In that 
circumstance, the inner pattern of the 3DP samples, comprising of shell and 
core, was shown to have a significant influence over the recorded drilling force.  
 
The control and variation of the internal structure of the prototype parts 
can be very advantageous for many applications, including the manufacturing of 
a realistic simulation phantom. The analysis of micro-CT images of the human 
sinus (Chapter 6) highlighted the heterogeneity characterizing this anatomical 
area, which is comprised of variable densities of bone and several types of soft 
tissue, primarily mucosa. Typically, bone is a complex tissue which can be 
classified into cortical and trabecular structures depending on the arrangement 
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and morphology of the constituent elements. The first is normally compact and 
tough, it constitutes the exterior layer of both long bones (e.g. femur), and also 
in some flat bones (e.g. part of the skull). Trabecular bone, also known as 
spongious, or cancellous, consists of an intricate reticular structure. It is less 
stiff and more elastic then cortical bone. Cortical and trabecular bone have been 
widely tested in terms of mechanical properties, and the different mechanical 
behaviour of these two broad types has been documented (Currey, 2002; Fung, 
1993). It seemed reasonable that the dissection force of sinus tissue could vary 
significantly due to this heterogeneity.  
 
In this chapter, the effect of the internal structure characteristics on the 
final mechanical properties of 3DP samples was explored. Firstly, the 
accessibility of the printing parameters and the control over the attributes of the 
printed shell and core were assessed. Then, the investigation analyzed the 
impact of the manipulation of this internal structure over the mechanical 
properties (cutting force measured by FRED testing) of 3D printed samples. 
Following the results, a possible application of the findings of this study to the 
sinus phantom is discussed. 
 
10.2  Accessibility of Printing Parameters 
 
Initially, it was necessary to determine the parameter accessibility in the 
3DP process. The proprietary software ZPrint™ v7.6 allows the alteration of 
different printing parameters including binder saturation, layer thickness and 
bleed compensation. Binder saturation is particularly relevant, because it 
controls the amount of jetted binder and could have a significant effect on the 
material properties. The layer thickness controls the thickness of the powder 
layers, which can be 0.09mm or 0.1mm. The bleed compensation corrects the 
dimensional inaccuracy caused by the excessive bleeding of the jetted binder at 
the edge of the part. Depending on the powder-binder combination adopted, 
ZPrint™ offers a series of default settings (Fig. 10.1). However, it is possible to 
create some different settings of these. Within ZPrint™ the same printing 
settings are normally applied universally to all the parts of a single printing job.  
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Fig. 10.1: Screenshot of ZPrint™ 7.6 where the powder settings can be controlled. 
 
Regarding the characteristics of the printing pattern elements, such as 
shell and core, it was found that this is assigned to the part during the pre-
processing without the possibility for alteration or viewing. It was found that 
ZPrint™ performs the slicing of the imported STL files when the printing job is 
initiated and during this stage, the 2D characteristics of each cross-section 
composing a part are calculated. The user does not have any control over the 
internal pattern, such as the thickness of the shell or the geometry of the mesh 
produced internally. This information is hard encoded into the software and 
cannot be openly accessed. This fact was confirmed by communication with 
ZCorporation.   
Therefore, this investigation focused only on varying the accessible 
printing parameters, such as the binder saturation, and evaluating the effect on 
the mechanical properties. This is described in Section 10.3 and 10.4. 
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10.3  Effect of Binder Saturation Parameters 
10.3.1 Materials and Methods 
 
The sample design was the same adopted for FRED testing of 3DP 
infiltrated materials (Fig. 8.3), with the target elements of 0.5mm and 1.00mm 
thickness. The Z510™ Spectrum printer was employed for the manufacturing of 
the specimens, using the following binder saturation parameters (Table 10.1): 
 
Table 10.1: Parameters of shell and core saturation used in the 3DP of test samples. 
Group # Shell 
Saturation 
Binder/Volume 
Ratio 
Core 
Saturation 
Binder/Volume 
Ratio 
1 80% 0.220 80% 0.110 
2 90% 0.248 90% 0.124 
3* 100% 0.275 100% 0.138 
4 125% 0.344 125% 0.172 
5 150% 0.413 150% 0.207 
*Control group. 
 
Although not conventionally recommended by ZCorporation® to set the 
saturation value below 100%, it was worthwhile to assess this condition for 
research purposes. Each group was manufactured separately. The samples 
were depowdered and dried in an air-circulating oven at 80ºC for 1hour, and 
120ºC for another hour. The samples were then removed from the oven and 
placed into a desiccant container to avoid moisture absorbance.  
Within this study, three single infiltrants were applied to the printed 
samples. The FRED testing of green parts was avoided due to their weakness, 
which were unlikely to demonstrate significant variations in terms of cutting 
forces that could be detected by FRED.  A multi-material infiltration was not 
performed in this work in order to facilitate objective analysis of results. The 
three chosen infiltrants were: 
 
• Epoxy Resin Clear Coat™ (System Three Resins Inc.) mixed in a volume 
ratio of 3:7 with Acetone. 
• MM282™ (ACC Silicones) silicone diluted at 20% with silicone fluid. 
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• UR3040™ (Axson Technologies Ltd.) polyurethane elastomer. 
 
Epoxy resin showed appreciable properties on previous tests presented 
in this thesis (chapter 8), however it had to be diluted in order to decrease the 
final strength. MM282 silicone was noted in previous testing for the realistic 
appearance of the infiltrated samples. The UR3040 elastomer was a third 
infiltrant introduced in this study for its relative low viscosity (approximately 
1000cps) and therefore its capacity to penetrate within the porous structure of 
3DP parts. Owing to the softness of this material, low cutting force values were 
expected from the FRED test.   
The infiltrants were applied by immersion after 24 hours following 
manufacturing, at room temperature under vacuum conditions. The infiltrated 
parts were left to cure for 72 hours (Fig. 10.2). The FRED equipment was 
adopted to quantify the average fracture force at dissection. A physical 
measurement of the elements was conducted by micrometer, with a resolution 
of 0.01mm. 
 
 
Fig. 10.2: Infiltrated 3DP samples: Epoxy Resin (left), MM282 silicone (centre) and UR3040 
polyurethane elastomer (right). 
 
10.3.2 Results 
 
The group of samples printed at 80% binder saturation did not survive 
the removal from the building chamber. This was due to the increased fragility 
of the parts printed at this saturation level. Therefore, the group of samples of 
80% saturation was excluded from the analysis.  
20mm 20mm 20mm 
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The results of FRED testing are reported in Table 10.2 and Fig. 10.3 and 
Fig. 10.5 and Fig. 10.7. The results of thickness measurement are reported in 
Table 10.3 and Fig. 10.4, Fig. 10.6 and Fig. 10.8. 
 
 
Table 10.2: FRED testing results of 3DP infiltrated samples manufactured at 90%, 100%, 
125% and 150% binder saturation.  
 90%  100%  125%  150%  
Force 
(N) 
SD 
(N) 
Force 
(N) 
SD 
(N) 
Force 
(N) 
SD 
(N) 
Force 
(N) 
SD 
(N) 
Epoxy 
Resin 
0.5mm 19.19 1.93 19.37 2.15 22.87 2.93 25.55 2.58 
1.0mm 27.79 3.27 26.17 3.18 35.73 2.14 37.64 2.52 
MM282 0.5mm 9.28 2.19 8.73 1.97 8.73 1.21 9.26 1.98 
1.0mm 11.16 1.37 9.23 2.27 13.52 1.60 13.84 1.79 
UR3040 0.5mm 7.72 0.75 9.90 1.90 10.00 1.78 12.75 2.03 
1.0mm 11.71 1.39 12.15 2.68 14.75 1.36 13.93 1.08 
Note: SD=standard deviation. 
 
 
 
 
Table 10.3: Deviation from nominal thickness of 0.5mm and 1.00mm 3DP specimens at 
different saturation levels (90%, 100%, 125%, and 150%). 
 90% 100% 125% 150% 
Deviation (mm) Deviation (mm) Deviation (mm) Deviation (mm) 
Epoxy 
Resin 
0.5mm +0.33 +0.33 +0.48 +0.52 
1.0mm +0.19 +0.21 +0.35 +0.50 
MM282 0.5mm +0.34 +0.42 +0.50 +0.55 
1.0mm +0.25 +0.25 +0.40 +0.44 
UR3040 0.5mm +0.43 +0.52 +0.55 +0.67 
1.0mm +0.41 +0.36 +0.47 +0.56 
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Fig. 10.3: Fracture force of samples printed at different saturation levels and infiltrated 
with Epoxy Resin (Diluted with Acetone at 3:7 ratio). 
 
 
Fig. 10.4: Deviation from nominal thickness of samples printed at different saturation 
levels and infiltrated with Epoxy Resin (Diluted with Acetone at 3:7 ratio). 
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Fig. 10.5: Fracture force of samples printed at different saturation levels and infiltrated 
with MM282. 
 
 
Fig. 10.6: Deviation from nominal thickness of samples printed at different saturation 
levels and infiltrated with MM282. 
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Fig. 10.7: Fracture force of samples printed at different saturation levels and infiltrated 
with UR3040. 
 
 
 
Fig. 10.8: Deviation from nominal thickness of samples printed at different saturation 
levels and infiltrated with UR3040. 
 
The results obtained from this first investigation showed that binder 
saturation parameters influenced the characteristics of 3D printed samples.  
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Depending on the adopted infiltrant, the effect on the cutting force was in some 
cases important. Observing the reported charts (Fig. 10.3, Fig. 10.5, Fig. 10.7), 
concerning the FRED testing results it can be noticed that increasing the 
saturation value from default 100% to 150% resulted in an increased cutting 
force, particularly for 1.0mm thick samples. This was more evident for the 
epoxy-infiltrated group, where 1.0mm samples at 125% and 150% saturation 
presented force values significantly higher than the 100% group. No relevant 
variations were observed for 90% saturation, where the cutting force was similar 
to the 100% saturation group.  
Physical measurements conducted on the infiltrated samples, showed 
that all the samples, at default saturation, were thicker than the nominal 
dimension, both for 0.5mm and 1.0mm parts, regardless to the infiltrant 
combination (Table 10.3). This had also been evidenced in the video NDA of 
3DP (Section 9.4.1). The results also showed that parts infiltrated with UR3040 
and MM282 silicone were thicker than epoxy-infiltrated samples, due to the 
higher viscosity of these fluids which tend to accumulate on the surface of the 
3DP parts. Overall, the results showed that the saturation value influenced the 
thickness of the parts. Increasing the binder saturation resulted in slightly 
thicker samples, which measured approximately 0.2mm more than the default 
saturation group (100%). A reduction of the saturation parameter to 90% 
seemed to not affect the final thickness. In some cases it slightly improved the 
accuracy of the parts, which were 0.1mm closer to the nominal dimension, as 
occurred for 0.5mm elements infiltrated with MM282 silicone (Fig. 10.6) and 
UR3040 (Fig. 10.8). Possible causes of the variation of the sample thickness in 
dependence to saturation parameters are discussed in Chapter 13. 
  
At this point of the research it was not clear whether the difference in 
terms of dimension (thickness) might have directly determined a significant 
variation of the cutting force magnitude. It was logical to expect that thicker 
samples presented higher values of cutting force.  
According to this, a new test was conducted to assess the role of sample 
thickness deviation, at different saturation values, on the recorded cutting force. 
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10.4  Effect of Binder Saturation Parameters on 3.0mm Samples 
 
10.4.1 Materials and Methods 
 
In this section, the research evaluated the contribution of binder 
saturation to the mechanical properties of the material differently from the 
previous sections. A new test sample was designed with an increased thickness 
of 3.0mm (Fig. 10.9). The same manufacturing method, adopted in the previous 
tests (Section 10.3) was followed.  
 The Epoxy resin was mixed with Acetone in a ratio 1:9. This was used to 
prevent any damage to the cutting instrument, due to the thickness of the 
samples (out of the conventional cutting range of the through-cutting rongeur) 
and the expected high stiffness of the infiltrated material. The other two 
infiltrants, MM282 and UR3040, were applied consistently with the previous 
study (Section 10.3.1). 
 The cutting force of the samples was measured by FRED testing, and 
physical measurement was conducted with vernier calliper. 
 
 
Fig. 10.9: 3mm thick samples infiltrated with Epoxy Resin (left), UR3040 (centre) and 
MM282 (right). 
 
 
 
 
25mm 
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10.4.2 Results 
 
As occurred for the earlier 0.5mm and 1.0mm thick samples, the results 
confirmed the same pattern of increased cutting force according to the degree 
of saturation (Table 10.4) (Fig. 10.10). However, this phenomenon was less 
significant for parts infiltrated with MM282 and UR3040, which are soft 
materials. In case of epoxy-infiltrated parts, the increment in terms of cutting 
force was more pronounced.  
 
Table 10.4: FRED testing results of 3.00mm infiltrated samples at different binder 
saturation levels (90%, 100%, 125% and 150%). 
 90%  100%  125%  150%  
Force 
(N) 
SD 
(N) 
Force 
(N) 
SD 
(N) 
Force 
(N) 
SD 
(N) 
Force 
(N) 
SD 
(N) 
Epoxy Resin 19.24 1.53 14.49 1.75 17.79 2.58 24.26 4.29 
MM282 15.46 1.12 13.51 2.49 14.47 0.84 17.57 3.82 
UR3040 15.63 1.59 12.98 2.27 15.79 2.48 16.75 2.14 
 
 
Fig. 10.10: FRED testing results of 3mm samples printed at different saturation levels. 
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 In the case of 90% saturation, it was interesting to observe that the 
cutting force was on average slightly higher than 100% saturation group (Fig. 
10.10). A similar result was observed for some samples on previous tests 
(Section 10.3.2), but less pronounced. The increase of cutting force could be 
explained by the greater porosity of samples at 90% saturation, which allowed 
more infiltrant to penetrate the porous structure. As a consequence, the 
mechanical properties of the parts were slightly enhanced. 
 The thickness measurement of the samples showed an improved 
accuracy compared to the earlier investigation (Table 10.5) (Fig. 10.11).  
 
Table 10.5: Deviation from nominal thickness of 3.00mm infiltrated samples at different 
binder saturation levels (90%, 100%, 125% and 150%). 
 90% 100% 125% 150% 
Deviation (mm) Deviation (mm) Deviation (mm) Deviation (mm) 
Epoxy Resin 0.09 0.07 0.08 0.17 
MM282 0.14 0.14 0.15 0.21 
UR3040 0.14 0.17 0.15 0.21 
 
 
 
Fig. 10.11: Deviation from nominal thickness of 3mm samples printed at different 
saturation levels. 
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The bleeding effect of the jetted binder associated with the increase of 
binder saturation, and the consequent thickness deviation, were less relevant. 
The target elements were approximately 0.05mm and 0.10mm thicker when 
printed at higher saturation values. 
 The relationship between cutting force and thickness increment 
appeared less significant than the previous investigation (Section 10.3). This 
argument will be considered in the discussion. 
 
10.5 Review of Results 
 
In this chapter, it was shown that the ability to vary the internal pattern of 
3DP parts is limited to a few parameters, such as the binder saturation, the 
layer thickness and the bleed compensation. The local control of the inner 
features, such as shell and core, was not possible as confirmed by 
communication with ZCorporation.  
In this chapter, the effect of the binder saturation over the cutting 
properties of 3DP parts has been assessed. The prototyped specimens were 
infiltrated with three different materials, such as Epoxy Resin (diluted 90%), 
MM282 silicone (diluted 30%) and Urethane Elastomer (UR3040). The results 
showed that increasing the saturation parameter at 125% and 150% resulted in 
an increase of the cutting force (FRED), which was particularly significant for 
samples infiltrated with Epoxy Resin. A dimensional deviation caused by the 
saturation increase, was also ascertained for thin structures of 0.5mm, but it 
was less significant for features printed at 3.0mm. 
 At this point of the research, it did not seem possible to apply the findings 
of this chapter to the sinus phantom, mainly because it was not possible to 
apply different printing settings (binder saturation) to the individual sinus areas 
and that many of the relevant wall thicknesses in the sinus are below that which 
have been shown to be effective with these techniques.  
 11. Development of Final Sinus Phantom 
 
 
 The investigation conducted in chapter 8 highlighted several advantages 
from the use of 3DP for the manufacturing of sinus representative material. It 
evidenced the possibility to reproduce the fracturing behaviour of the human 
sinus through the infiltration with appropriate substances. It had been shown 
that the appearance and dissection characteristics of these 3DP parts were 
comparable to some specific areas of the paranasal complex, as was also 
confirmed by a qualitative evaluation performed by an expert surgeon (Sama). 
At this point of the research, it was deemed appropriate to proceed towards the 
development of the final sinus phantom which may be adopted in FESS 
training. This phase was deemed invaluable to highlight eventual issues 
appearing during the manufacture of the final sinus phantom and consequently 
refine this.  
 
11.1 Adaptation of 3DP Sinus Model for a Training Head 
Mannequin  
 
Often, a head mannequin is adopted for simulating a surgical condition 
and allowing the trainees to practice on a realistic scenario. In many surgical 
disciplines a human mannequin, reproducing the whole body or a portion of it, is 
considered an efficient training tool which the trainees can use to improve their 
skills in safe condition. A good example of this approach is the human patient 
mannequin of the TSCSC at the QMC in Nottingham. In this centre, a surgical 
theatre has been faithfully reproduced which can be utilised with conventional 
equipments, such as a surgical bed, ventilator and other apparatus.  As 
discussed with Mr. Sama the development of an adequate FESS training 
mannequin, which could be used within the simulated surgical theatre, would be 
very valuable and demonstrate a culmination of the research work. The 
simulation mannequin had to comprise of an artificial human head which would 
host a removable sacrificial sinus phantom. Although FESS is conducted inside 
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the paranasal region through endoscopic instruments, the simulation of the 
entire head was crucial to enhance the realisticness of the scenario.  
A preliminary version of the sinus phantom was developed and adapted to 
a head mannequin employed for ENT basic training which was available at the 
QMC hospital (Fig. 11.1). It comprised of a plastic skull and an external silicone 
skin, which was removable. This mannequin was normally employed during 
surgical training programmes to teach the application of nasal/sinus bungs to 
stem bleeding. The trainees practice simple tasks, such as introducing the 
endoscope camera and inserting swabs and bungs into the nasal aperture. In 
its conventional application, no tissue resection or other surgical tasks are 
performed with this mannequin, due to the absence of the sinus structures 
within the nasal region. For our purposes, the paranasal region was removed 
from this mannequin and it presented a consequent cavity in this region (Fig. 
11.1).  
 
 
Fig. 11.1: Frontal view of the mannequin available at the QMC hospital (left), which was 
used to host a preliminary version of the sinus phantom produced by 3DP. Rear view of 
the mannequin (right). The internal cavity used to host the sinus phantom has been 
highlighted. 
 
 The internal cavity of the skull was used to host a preliminary version of a 
3DP sinus phantom. Although this mannequin did not represent an optimal 
solution, it was advantageous to initially evaluate some crucial aspects, such as 
possible issues encountered during the manufacturing process of the sinus 
Internal 
cavity 
25mm 
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phantom. The sinus phantom, once produced and positioned inside the existing 
skull, offered the opportunity to an ENT surgeon to conduct a qualitative 
evaluation of several aspects including dissection characteristics and the 
external appearance (under endoscopy) of the phantom. 
11.1.1 STL file of the Sinus Model  
  
 The series of images obtained from the micro-CT scanning of a cadaver 
sinus region (Section 6.5), were gathered together and imported into Mimics 
software. Owing to the TIFF format of the micro-CT images, some 
parameters of the import function in Mimics had to be specified by the operator. 
For example, the pixel size was set at 0.112mm. This value was obtained from 
physical measurements of the cadaveric sinus portion (Section 6.5.2). If 
conventional CT images were used, the DICOM format would include the 
scanning parameters, such as the pixel dimension (in the x,y plane) and the 
slice thickness (z direction). 
 The next phase, following the import of micro-CT images, was the 
thresholding which was performed manually, without adopting the default 
Hounsfield ranges, available in Mimics. The range of Hounsfield values was 
settled between 1925-4080 on the advice of Sama, in order to include both soft 
tissue and bone.  
 The mask obtained from the segmentation was edited for cleaning the 
images from scattering artefacts, and also to exclude undesired slices at the top 
and bottom level of the sinus. A region growing function was applied to the 
mask. This is a common procedure, which can eliminate some noise elements 
surrounding the mask. It was assumed that the sinus was constituted by 
connected structures, which were not lost with the region growing application. 
An iterative series of opening and closing was another important step in order to 
smooth the surface. They were applied three times consequently, setting the 
parameters “number of pixel” and “connectivity” respectively at 1 and 8. Due to 
high resolution of the images, this step did not affect minor details of the sinus 
mask. 
 After the processing of the mask, the 3D virtual model was obtained, 
setting the “quality” at “optimal”. The 3D model was then processed in order to 
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reduce the amount of triangles (facets), which influences the size of the final 
STL file. The parameters of the “triangle reduction” function were kept at 
default: the reducing mode was set at “edge”, tolerance at 0.03mm, edge angle 
at 15º and iterations at “10”.  
 Finally, the STL file of the sinus model was generated (Fig. 11.2). 
 
 
Fig. 11.2: 3D model of the cadaveric sinus sample obtained from micro-CT images.  
 
11.1.2 Specifications of the Preliminary Version of the Sinus 
Model 
 
 The dimension of the sinus model produced from the micro-CT scanning 
of the cadaver had to be modified and adapted to fit inside the cavity of the 
available head phantom (Fig. 11.1). The cavity of the mannequin was too small 
compared to the dimensions of the sinus model. Therefore, it was essential to 
define the mannequin’s cavity size.  
 The dimensions of the cavity were determined by physical 
measurements using a calliper. The aperture on the rear of the skull measured 
approximately 24mm (width) by 37mm (height). The depth of the cavity was 
approximately 54mm, measured from the rear aperture to the frontal nasal 
aperture. 
Resulting aspects for the 3DP sinus phantom were: 
• Owing to the limited space offered by the cavity inside the 
mannequin, the sinus had to be reduced. Only a portion of the 
sinus could be produced. 
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• Sinus surgery could involve only one of the two sides of the sinus 
(left and right), but for the purpose of this preliminary study it could 
be appropriate to give the priority to one of the two sides, and 
exclude the other.  
• The sinus model had to be reduced along the axial direction. 
• The sinus portion had to be introduced from the back of the skull 
mannequin. 
• A specific fixture had to be developed to stabilise and fix the sinus 
phantom, which had to be maintained firm during surgical 
dissection trials. 
 
11.1.3 Manufacturing of the Preliminary Version of the Sinus 
Phantom 
 
 The STL file of the sinus phantom was imported and modified in Magics 
(Materialise, Leuven, Belgium). The dimensions of the sinus were reduced 
according to the mannequin’s cavity size. Some portions of the sinus, such as 
the frontal sinus, the sphenoid and the maxillary sinus were not included. A 
major portion of the ethmoid was preserved, and some support structures were 
added to the sides of the sinus to prevent breakage of small features.   
 The sinus model was then exported to ZEdit (ZCorporation, Burlington, 
USA), which allowed the application of a colour to the STL model. The colour 
value was set in order to resemble the appearance of sinus mucosa. The 
aforementioned parallel investigation conducted alongside this project by 
another researcher, determined these colour values for the sinus model (Taylor, 
2010). The study comprised the mapping of the colours obtained from surgical 
images, and the consistency of the 3DP process in reproducing these colours. It 
also incorporated the possible influence of the adopted infiltrant on the final 
colour.  
 The infiltration of the sinus model comprised of some of the combinations 
determined in Section 8.7 and 8.8: 
 
• Acetate + Epoxy:Acetone (10:2) 
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• Acetate + Epoxy:Acetone (10:2) + MM282 (dil. 20%) 
• MM282 (dil. 20%) 
 
The sinus model was printed with a Z510 Spectrum, following the same 
methodology employed for the FRED test samples (Section 8.3.2). The 
specimens were then carefully de-powdered by compressed air. Owing to the 
intricate structure of the sinus, the de-powdering phase was difficult. The small 
dimension of channels within the sinus and the presence of closed cells limited 
the draining of the unused building powder. This had also been highlighted by 
other works where a temporal bone phantom was manufactured by powder-
based process (Grunert et al., 2006). The advantage of the powder, which does 
not require any support structure during the manufacturing, becomes an issue 
in the post-processing phase, when the built part has to be cleaned. Some 
areas, such as the ethmoid sinus, can retain a small amount of powder, which 
was not desirable for a realistic phantom since during surgical dissection of the 
phantom powder cavities would be revealed. 
The infiltration phase was also challenging. Due to the complexity of the 
sinus morphology, immersion of the printed part into the liquid was the most 
appropriate infiltration method. The drainage of the liquid required particular 
attention. It was desirable that the fluid reached all the areas of the sinus model 
and this could have been compromised by the presence of closed regions or 
very narrow passageways. The orientation of the part after infiltration was also 
another issue. The infiltration liquid had to be distributed uniformly over the 
model surface, but leaving the phantom in a singular orientation could have 
resulted in the accumulation of this liquid in some areas. This was particularly 
relevant for silicone, which had a higher viscosity and reduced flow compared to 
the other infiltrants. A periodic rotation of the infiltrated sample and the use of 
air-blowing prevented the accumulation of infiltrant. 
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Fig. 11.3: Test sample of sinus phantom used for preliminary evaluation (top-left). Frontal 
view of the mannequin with the mounted sinus model (top-right). Rear view of the sinus 
model positioned inside the mannequin (bottom). 
  
11.1.4 Qualitative Evaluation of the Produced Sinus Phantom 
 
 Once completed, the produced models of the sinus were tested in the 
mannequin available at QMC hospital (Fig. 11.3). The fitting of the produced 
parts was considered satisfactory; they were easily inserted into the internal 
cavity of the skull and their displacement undergoing dissection was negligible. 
The surgeon (Mr. Sama), collaborating in this project, simulated a FESS 
procedure in order to provide some impressions on the produced sinus model 
(Fig. 11.4). Some conventional surgical instruments, adopted in FESS, were 
introduced within the sinus model structure. The appearance of the phantom 
was evaluated through endoscopic camera (Fig. 11.4). 
 
Skull 
Sinus 
phantom 
Polyurethane 
foam 
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Fig. 11.4: A picture showing the evaluation of a preliminary version of the sinus phantom 
by Mr. Sama (left) at the TSCSC of QMC in Nottingham. 
  
 Some key aspects emerged from this preliminary evaluation: 
• The overall appearance, such as colour and texture, was considered 
realistic, regardless of the applied infiltrant. 
• Some structures, such as turbinates and other soft-tissue elements, 
appeared too rigid and they did not allow realistic movement of the 
surgical instruments within the sinus.  
• The application of a silicone coating was very efficient in reproducing the 
“wet” effect of mucosal tissue. This appearance might be further 
improved using a silicone fluid, which could also facilitate the movement 
of the endoscopic instruments inside the phantom. 
• The intricate structure of the sinus presented an issue for efficient de-
powdering and complete infiltration. 
• A complete version of the sinus should include other areas, such as the 
frontal sinus, maxillary sinuses and sphenoid sinus.  
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• The application of colour solely by 3DP, did not provide a realistic 
appearance of large structures (e.g. turbinates) when dissected. This 
was due to the colour only being applied to the external surfaces in 3DP.  
• The concept of modular sinus to be mounted and replaced into an 
artificial skull was appreciated by the surgeon. However, a dedicated 
head model had to be designed in order to host the sinus module. 
• The skull phantom used to support of the module had to be capable of 
hosting different sinus phantoms. In such a way, a wide variety of 
complex cases could be simulated on demand. 
 
 An appropriate strategy was developed to solve the issues identified from 
this preliminary version of the sinus phantom.  This work is illustrated in the 
following sections. 
 
11.2 Development of the Mannequin for FESS Training 
 
 Part of this project focused on the development of a head mannequin to 
be adopted in FESS training. The aim was to produce a set of interchangeable 
sinus modules to be inserted into a standard head model. In such a way, the 
sinus phantom module could be replaced after a surgical training session, while 
the skull could be reused. This approach would also greatly reduce the cost and 
time of manufacturing. 
 
11.2.1 Manufacturing Issues Concerning the Sinus Phantom 
 
 
 As was observed in other studies (Grunert et al., 2006), the de-
powdering of the green part could be problematic. In those circumstances the 
unbound powder remained blocked inside the object. Powder bed processes, 
such as 3DP and SLS, offer the advantage of not needing support features, 
which would be extremely difficult to remove in the case of sinus models. 
Conversely, removal of trapped powder may need draining holes in the part. 
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This is feasible in larger simple structures, but in small and complex structures 
such as the sinus the introduction of draining holes could be impossible.  
 The sinus complex also presents some closed cells, especially in the 
ethmoidal sinus. These small cavities within the sinus are interconnected by 
narrow passageways, which, in a living patient, allow the drainage of mucosal 
fluid. In a sinus model produced by 3DP, the building powder could be trapped 
in some areas. The liquid substances adopted for the infiltration had to be able 
to both access and drain from the intricate structures of the sinus. 
 Therefore, it was decided that the sinus phantom could not be printed in 
a single piece and it had to be sectioned. An analysis of the micro-CT slices 
was performed in order to assess the presence of narrow passageways and 
isolated regions within the sinus. In particular, the ethmoid sinus appeared a 
critical structure, due to the presence of multiple small compartments. 
 It was necessary to split the sinus model into a number of sections in 
order to allow complete depowdering and infiltration. This was the only solution 
to entirely access to the intricate structure of the sinus. The disadvantage of 
producing separate parts was that the mating joints would remain apparent in 
the final model and visible under endoscopic examination. Consequently, it was 
important to decide the most appropriate separation lines in order to minimise 
these effects.  
 
11.2.2 Splitting of the Sinus Model into Multiple Portions 
 
 The sinus model was split into three parts along the axial direction (Fig. 
11.5). Most of the work was performed in Mimics, which allowed a better 
visualization of the single slices, and, consequently, a more accurate sectioning. 
 Following the same processing steps of section 11.1.1, the mask of the 
sinus region was obtained. Through the editing tool, the mask was manually 
modified. The technique consisted of erasing a selected axial slice, then, 
following the application of the “region growing” function, two separated regions 
are created. Region growing is an iterated process used for segmenting masks, 
which in this case uses 8-connected neighbourhood as classification criterion. 
The erased slice was added afterwards to one of the two regions through 
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manual editing, in order to reinstate the missing layer which was previously 
deleted, and which otherwise would have resulted in a gap equal to the z-
dimension of the voxel size. 
 Following the considerations discussed, it was determined to split the 
sinus into three regions (Fig. 11.5). The top one included the frontal sinus, basal 
lamella and a small portion of the ethmoid sinus. The middle regions comprised 
of the ethmoid sinus and the sphenoid sinus, including the middle turbinates. 
The inclusion of the middle turbinates required an extensive amount of manual 
editing. The bottom part of the model comprised the inferior turbinates and the 
maxillary sinuses (Fig. 11.5). 
 
     
 
Fig. 11.5: Different views of the 3D virtual model of sinus phantom, which was split into 
three portions: top, middle and bottom.  
 
 The three portions of the sinus model were exported in STL format, and 
transferred to ZEdit (ZCorporation) for colour application, as conducted 
previously (Section 11.1.3).  
 The parts were then manufacturred with a Z510 Spectrum machine, in 
order to evaluate the feasibility of depowdering and infiltration process. The 
green samples were post-processed consistent with the method of Section 
20mm 20mm 
20mm 
20mm 
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11.1.3. Following the de-powdering, the three sinus portions were infiltrated with 
a combination of Acetate, Epoxy Resin (Dil 20%) and MM282 silicone (Dil. 
15%). This combination was determined in Section 8.8.1. The division of the 
single sinus model into multiple parts resulted in a successful de-powdering and 
infiltration phase. 
 A comparison between human cadaver sinus and the sinus model 
produced by 3DP evidenced a significant affinity in terms of external 
appearance (Fig. 11.6), as confirmed by the clinician. 
 
 
Fig. 11.6: Picture samples of cadaveric sinus (left) and 3DP sinus phantom (right). 
 
11.3 Skull Design and Manufacturing 
 
11.3.1 Selection of the CT dataset 
  
 The first task consisted of collecting an appropriate CT data set, which 
could be employed for the head mannequin development. The CT images, 
obtained from spiral CT scanning of the cadaver, were not in acceptable 
aesthetic condition, due to the tissue deterioration. In particular, the external 
soft tissue of the head, comprising of facial muscles and skin, were rather 
deformed. The following criteria were considered for the selection of the 
images:   
• The CT data set should cover the whole head. 
10mm 10mm 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 11 – Developments of Final Sinus Phantom 
  199 
 
• The resolution of the CT images had to be appropriate for an efficient 
reverse engineering. Voxel resolution in the order of 1.00mm in the Z-
direction and 0.5mm in the XY plane was desirable. 
• The subject head had to be in good aesthetic conditions, with no 
deformities of the maxillofacial area. 
• Specific gender and age of the subject were not fundamental, although a 
middle aged male adult was desirable for affinity with the available 
cadaver. 
• The facial appearance should be representative of most human face 
characteristics.  
• Due to ethical reasons, the CT data set had to be anonymous or freely 
accessible.  
• MRI images were not desirable, due to the lower resolution compared 
with CT scanners. 
 
 Despite the large amount of CT data sets available from the ENT 
department of QMC hospital, most did not capture the whole skull. CT scanning 
is normally restricted to a region of interest, in order to limit the exposure of 
patient to unnecessary ionizing radiations. Wider scans, covering the whole 
skull, are often limited to particular clinical cases such as maxillofacial 
reconstruction. However, these patients are often affected by significant defects 
or aesthetic imperfections, resulting in the need for treatment by maxillofacial 
surgery. 
 Existing repository databases of CT images were investigated. Several 
web-based sources were publicly accessible, and dataset of different 
anatomical areas were available. These images are often used for education or 
research purposes. An eligible CT head dataset was retrieved from the “Patient 
Contributed Image Repository” (www.pcir.org), identified as an open-source 
database. The dataset comprised the entire head, and it met the requirements 
of this study.  
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11.3.2 Head Mannequin Design 
 
 
 The DICOM files were imported and processed in Mimics, in order to 
obtain a 3D model of the head. Firstly, the skull model was obtained by 
appropriate segmentation. The external skin was developed in a second 
instance (Section 11.4). The STL file of the skull was exported into Magics 
(Materialise) to be modified. 
 An initial design consideration was the direction of insertion of the 
interchangeable sinus modules, and the manner in which they were supported 
within the phantom head. In order to insert the sinus modules from the front of 
the skull, the prosthetic skin had to be removed every time the modules were 
required to be replaced. A second solution was to keep the skin mounted on the 
skull, and create an alternative access route for the sinus modules, from the 
rear of the skull. However, the back area of the skull was intended to work as a 
base or to be connected to a support arm. Due to these reasons, it was deemed 
more appropriate to insert the sinus modules from the front of the mannequin 
head.    
 The STL of the cadaveric sinus was overlaid with the skull STL, to 
assess the degree of affinity between them, and also to evaluate how the two 
parts could be combined. This step helped to assess the size and position of 
the cavity to be created in the skull which would host the sinus phantom. 
 The concept was to create a series of locating pins on the sinus modules 
and corresponding slots on the skull model (Fig. 11.7), plus other constraints, in 
order to assist the positioning and fixation of the sinus modules within the skull. 
The slots constrained the rotation of the sinus parts around 3 axes and 
translation along 2 axes (y, z). Around the slots, material was added in order to 
add strength to specific areas, and ensure that the slots were fully constrained 
(Fig. 11.7). Creating the cavity within the skull, some areas, such as the orbital 
floor, maxillary and lacrimal bone, were particularly fragile and for this reason 
more material was added to this area of the design.   
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Fig. 11.7: Different views of the skull model developed to host the sinus phantom. Back 
view (top-left), front view (top-right) and isometric view (bottom). 
  
 The back of the skull was left open, in order to allow the operator easy 
access to the sinus modules to performing adjustments when necessary. The 
aperture on the back also contributed to a significant reduction of the skull’s 
weight. Four holes were included on the back surface of the skull in order to 
30mm 30mm 
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host metal threaded inserts (M5), which would permit a support arm to be 
jointed (Fig. 11.7). 
Once completed, the skull model was to be manufactured with an 
appropriate RP technology. A prototype with good mechanical properties was 
desirable, in order to guarantee a long life of the mannequin, which had to be 
used for several training session of FESS.  3DP was not considered appropriate 
for this purpose, due to the poor durability of the built parts even after infiltration. 
Additive technologies, such as SLS or FDM, were preferred, because they 
allowed stronger parts to be built. SLA could also be employed, but the 
manufacturing cost was too high, and unnecessary for this task. Eventually, the 
model was manufactured with a SLS machine, which was faster than FDM and 
would prevent the need of including supporting features into the design.  
  
11.3.3 Alteration of the Sinus Modules  
 
 The sinus modules produced in Section 11.2.2 had to be adapted to 
interact with the head mannequin. A series of locating plates were created on 
the modular sinus parts (Fig. 11.5), in order to correctly fit into the locating slots 
of the skull, shown in Fig. 11.7. The result of the alteration has been shown in 
Fig. 11.8.  
 The position and characteristics of the locating plates can vary 
depending on the different sinus models and each case would be analysed 
separately. It was desirable to minimize the area of the sinus connected to the 
supporting plates, in order to preserve the realistic behaviour of some sinus 
areas, such as the lamina papyracea. This structure comprises of a thin flat 
tissue area, in the order of 0.25mm, which separates the ethmoid sinus cavities 
from the orbit. The lamina papyracea is a rather flexible structure, which the 
trainees have to learn to manipulate with extreme care, in order to prevent the 
rupture of it and an eventual damage to the optic nerve. 
 For a reliable fit of the locating plates within the skull slots, an adequate 
clearance had to be considered. The correct value of clearance was difficult to 
determine, owing to several factors, such as distortion, shrinkage and other 
inaccuracies of the RP process, and also the effect of the applied infiltrants, 
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where the dimensional variation was unpredictable. Eventually, a clearance of 
0.1mm was deemed appropriate.  
 
 
 
Fig. 11.8: Virtual model of sinus modular phantom with added locating plates. 
 
 
11.3.4 Skull Phantom Manufacturing 
 
 
  A demonstrative version of the sinus phantom, comprising of three 
modules (top, middle, bottom), was inserted into the SLS skull mannequin for 
evaluation purposes (Fig. 11.9). The modules could be easily positioned and 
once inserted they were locked in place by the slots and locating plates. Exact 
matching and perfect integration between the skull and the sinus was not 
expected, due to anthropometric differences between the two human subjects 
which were used for the models reconstruction (Fig 11.9).  
Locating 
plates 
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Fig. 11.9: SLS skull phantom (top-left and top-right). A preliminary version of the sinus 
phantom was mounted for demonstrative purpose (bottom-left and bottom-right). Exact 
matching between the skull and the sinus was not expected, due to anthropometric 
differences between the two human subjects which were used for the models 
reconstruction. 
     
11.4  Development of the Mannequin Skin 
 
11.4.1 Image Processing and STL generation 
  
 Following the manufacture of the skull phantom, it was necessary to 
model and produce the external skin, which had to fit over the skull. In this 
phase, it was crucial to collaborate closely with Watson, whose experience in 
maxillofacial prostheses manufacturing was extensive. Sama proposed a 
removable silicone skin, which could be precisely and easily repositioned over 
the skull. He asked also to include the cartilage wall of the septum in the 
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synthetic skin, which was not present on the skin of the mannequin used at 
QMC (Fig. 11.1). The inclusion of this feature aimed to increase the realism of 
the phantom.  
 Watson, who collaborated in the manufacture of the synthetic skin, 
required a prototyped master of the skin, which was developed by the author. 
 There were several techniques to obtain a master of the skin. In many 
applications, such as maxillofacial reconstruction, a negative casting of a 
subject’s face is performed in order to obtain the exact replica. More advanced 
techniques involve the use of laser or light scanning, which produce a point 
cloud representative of a face’s geometry. In this study, it was preferred to use 
the available CT dataset, which was previously adopted for the skull 
manufacturing (Section 11.3.1). However, an efficient method had to be 
established for the creation of the skin model from the CT images in Mimics.  
The technique comprised of several steps, shown in Fig. 11.10: 
• A mask (Mask 1) comprising of the whole head (soft tissues + bone) was 
generated by appropriate thresholding. 
• A mask of the skull was created (Mask 2) by thresholding. 
• The Mask 1 was duplicated and an “erode” operation was applied to 
Mask 1, setting the “number of pixels” and “connectivity” respectively at 
20 and 8, and the Mask 3 was obtained. 
• Then, Mask 2 was subtracted from Mask 3. 
• A “region growing” was applied to the mask resulting from subtraction. 
• A manual editing was performed in order to erase undesired elements, 
such as the sinus complex and temporal bone area. At this point, the 
cartilage wall of the nasal septum was preserved. A reduction of the 
artefacts, caused on the CT images by dental fillings, was required. 
• The 3D model of the final skin mask was generated at “optimal” quality. 
Then, the skin model was exported as an STL file through the proper 
function available in Mimics. 
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Fig. 11.10: Sequence of phases followed for the development of the skin model in 
Mimics. A mask comprising of both bone and soft tissue was obtained (top-left). Then, 
another mask was obtained from the erosion of the previous mask, and a subtraction 
was applied to these two masks (top-right). The mask of the bone tissue was also 
subtracted to this last mask (top-right). A manual editing phase erased the unnecessary 
features such as the sinus structures (bottom-left). The arrangement and fitting of the 
skin, the sinus modules and the modified skull was evaluated (bottom-right). 
 
 A preliminary evaluation of the skin CAD model was performed in Mimics 
(Fig. 11.10). The STL files of the sinus modules (Fig. 11.8) and the modified 
skull (Fig. 11.9) were imported into the software, and a mask was obtained for 
each object. This correctly matched the profile of the sinus modules and the 
skull. The elasticity of the synthetic skin, which will be produced with silicone, 
should also allow small imperfections and mismatches to be overcome.  
 
Skin 
Skull 
Sinus Phantom 
from micro-CT 
2.5mm 2.5mm 
2.5mm 2.5mm 
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Fig. 11.11: Rear view (left) and frontal view (right) of the 3D model of the skin and the 
skull, which will host the sinus phantom.  
 
The STL of the skin was imported into Magics (Materialise), where a 
preliminary version of the skin was produced. The rear portion of the skin model 
was cut along the frontal plane (Fig. 11.11), in order to guarantee access to the 
back part of the skull and allow a quick mounting (and removal) of the skin over 
the skull mannequin.  
 
11.4.2 Manufacturing of the Master of the Skin with RP 
Technology 
 
 
The silicone skin production required a reduced version of the skin STL, 
which had to be limited to the central area of the face, comprising of the eyes, 
forehead, nose and mouth, which were characteristics of the same patient used 
for the fabrication of the skull mannequin. Other areas of the head skin, such as 
the ears, were not required at this stage, because they could be reproduced 
separately from other patients and added to the skin model. Therefore, the STL 
of the skin was altered in Magics by the author (Fig. 11.12). 
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 Fig. 11.12: Modified STL of the phantom skin. 
 
 The skin master required a strong model. Consequently, SLS 
technology, available at Loughborough University, was used for this purpose 
(Fig. 11.13).  
  
 
 Fig. 11.13: Master part of the phantom skin produced with SLS technology. 
 
The built part was then passed to the maxillofacial lab at QMC where it 
was to be used as master for the production of the negative mould of the skin. 
At the time of this thesis being written, the skin replica was still in progress and 
it was not completed yet. 
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12. Sub-project: Neo-natal Skull Phantom for 
Medical Ultrasonography 
 
12.1 Introduction 
 
 In this chapter, the research work of a related sub-project of this thesis, 
concerning the development of a neo-natal skull phantom for ultrasound testing 
and training is presented. The investigation was conducted in collaboration with 
the NPL. 
  The research made use of methods and findings of the main project 
(COMBO), which has been illustrated in the previous chapters.  
 
 Ultrasound technologies are widely employed for imaging and diagnostic 
purposes in medical applications involving soft tissue features. In some cases 
the use of ultrasound is extended also to bone density assessment in 
osteoporotic pathologies. Bone density is correlated to its acoustic properties. In 
this regard, bone tissue is normally characterized in terms of broadband 
ultrasonic attenuation (BUA) and speed of sound (SOS). Several studies have 
analysed the ultrasonic properties of human bone (Tavakoli et al., 1991; Andre’ 
et al., 1980). In some cases, ultrasound is considered an essential and non-
invasive diagnostic tool, such as the trans-cranial ultrasound scanning 
performed in premature babies or patients in the early stage of postnatal 
development. This procedure can determine the existence of congenital or 
acquired abnormalities of the neonatal brain. Nevertheless, the absence of 
proper epidemiological studies evidencing the effects of prolonged exposure to 
ultrasound makes it nearly impossible to quantify the risks for the target tissue 
deriving from the use of ultrasonography. In this scenario, an assessment of the 
equipment and of the practices in use is needed. 
While there are specific guidelines for building validated phantoms to 
measure the exposure to ionising radiations (ICRP 2002), nothing so detailed 
exists for ultrasound. Moreover, very limited data could be found in the literature 
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(Duck, 1990) for the acoustical parameters of interest (i.e. SOS and absorption 
coefficient) of bone at neonatal age.  
 This study was part of a larger project established at the NPL, aimed at 
investigating safe use of ultrasound for neonatal head scanning. This project 
was funded by the UK Department of Health (DH). The project proposed to 
design a validated, clinically relevant phantom to be used in a hospital survey 
across the UK. The scope was to measure the temperature increase caused by 
ultrasound equipment currently used in neonatal head scanning, using a 
repeatable and traceable protocol (BMUS, 2009).  
It has been shown that temperature increase can be dangerous for the 
living tissues, in particular for scanning in excess of 15 minutes. This aspect is 
particularly relevant when the ultrasound examination is performed by trainees 
or neophyte clinicians who are less experienced with the ultrasound equipment 
and/or the application and may require more time to detect target brain 
structures. Owing to this fact, a realistic phantom can also be employed as 
training tool for ultrasound practice. 
 
 Current phantoms employed in ultrasound training are relatively 
simplistic and they allow practising of rudimentary skills (Fig. 12.1). Areas of 
interests, such as vessels or pathological masses are reproduced with basic 
geometries, conventionally cylinders, spheres or disks (Bude et al., 1995; 
Rickey et al., 1995).    
 
 
Fig. 12.1: Example of phantom adopted for training in ultrasound (Bluephantom™, 
Redmond, WA, USA). 
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 Some works pioneered the adoption of RP technology for the 
manufacturing of simulation models for ultrasound testing (Demitri et al., 2007; 
Demitri et al., 2008). Adopting a RP approach enabled the reproduction of 
complex structures which could not be manufactured by conventional 
techniques (e.g. molding, investment casting, milling, etc.). In particular, 3DP 
appeared the most appropriate for the manufacturing of bone-simulation 
materials. The porous structure of the green part makes it suitable for post-
processing treatments, such as infiltration with liquid substances 
(Suwanprateeb, 2007) and a wide range of resulting physical properties are 
achieved (Pilipovic et al., 2009). The intrinsic nature of 3DP parts and the 
variety of properties achievable through post-processing support the suitability 
of this process for ultrasound phantom manufacturing. The ceramic nature of 
the primary build material could also be an advantage to replicate biological 
tissues, such as cortical and trabecular bone. Although ZCorporation states that 
the powder 3DP material is a polymer (www.zcorp.com), several studies have 
confirmed the ceramic nature of the powder, which coincides with gypsum 
material (Lowmunkong et al., 2007). 
 
 This investigation comprised of two main parts. The first consisted in the 
selection of a suitable material combination, able to replicate ultrasound 
properties of neonatal skull bone (Section 12.2). The second section of the 
research concerned the manufacturing of a neonatal skull phantom with the 
embedded Fine-Wired Thermocouples (FWTC) (Section 12.3), which allowed 
the measurement of the thermal effects of ultrasound equipment on proximal 
tissues during the scanning.  
 
12.2 Ultrasound Response of Infiltrated 3DP Materials 
 
12.2.1 Materials and Methods  
 
 In a preliminary investigation, the correct infiltration material to replicate 
acoustic properties of neonatal bone had to be addressed. Cortical bone 
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substitutes have been made using epoxy resin, polymers and polymer 
composites (Culjat et al., 2010). Materials such as ebonite, fibreglass, carbon 
fibre plastics and acrylic were shown to approximate quite well with the acoustic 
properties of cortical bone (Tatarinov et al., 2005). Epoxy material has been 
found adequate for replicating the acoustic properties of cortical bone (Clarke et 
al., 1994; Hodgskinson et al., 1996; Tatarinov et al., 1999). Tests conducted on 
epoxy resin indicated attenuation values of 3.7-3.8dB/cm (Truscott et al., 1993).   
 Three disk geometries were developed all with a diameter of 50mm and 
thicknesses of 2mm, 3mm and 5mm. The samples were then exported in STL 
format to the ZPrint 7.6 software, where the parts were positioned and 
orientated within the building chamber. The printing parameters were set to the 
default values of the powder-binder combination of ZP130 and ZB58. 
Afterwards, the printed parts were extracted from the build chamber and 
accurately depowdered by air-blowing. Then they were placed in an air-
circulating oven at 80 ºC for 2 hours, and 120 ºC for 1 hour. This guaranteed the 
full curing of water-based binder within the parts and elimination of moisture 
which could impede infiltration.   
The post-processing phase focussed on the infiltration of the 3DP parts 
by liquid substances of: Clear Coat™ Epoxy Resin (System Three Resins Inc.), 
Crystic® 2-414PA Polyester Resin (Scott Bader Ltd.) and Paraplast™ X-TRA 
Paraffin Wax (McCormick Scientific™). Technical specifics have been reported 
(Table 12.1).   
 
Table 12.1: Specifics of infiltrant materials. 
Product Viscosity at 
25°C   
(cps) 
Tensile 
Strength 
(MPa) 
Flexural 
Modulus 
(MPa) 
Volumetric 
Shrinkage 
(%) 
Curing 
Time 
(hours) 
Clear Coat™ Resin: 580 
Hardener: 210 
53Mpa 2585  - 72  
Crystic® 2-414PA 460 53Mpa 6400 8.2% 24 
Paraplast™ X-
TRA 
100 at 60°C   - - - 1 
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According to previous testing (Table 8.3), the viscosity of the selected 
materials allowed a penetration of more than 3mm into the 3DP parts. Excluding 
paraffin wax, the infiltration was performed by immersion, under vacuum 
conditions in a dedicated chamber. The samples were maintained at -95kPa for 
5 minutes, at a temperature of 25 ºC. This period was limited by the cure-time of 
the infiltrant compounds after which their viscosity was inevitably affected and, 
as a consequence, their penetration. Then, the atmospheric inlet valve was 
opened to relieve the vacuum, causing a further penetration of the infiltrant by 
atmospheric pressure action. Afterwards, the specimens were extracted from 
the chamber and the excess resin was wiped off the surface.  
 Differently, paraffin wax was pre-heated to 70ºC in a specific oven, 
specifically developed for wax infiltration, and for this reason vacuum could not 
be applied. The samples were then introduced into the melted paraffin wax, and 
kept there for 10 minutes. The parts were extracted and cleaned off excess 
wax. All the infiltrated specimens were left for 72 hours at 25 ºC.     
 
12.2.2 Results of Infiltrant Selection 
 
 Ultrasound scanning of the infiltrated samples was conducted in 
collaboration with NPL to select the best candidate for mimicking the neonatal 
skull. Considering the large range of frequencies used in neonatal trans-cranial 
ultrasound (contemporary scanners usually offer frequency as an adjustable 
parameter), the ultrasound properties at one single frequency is not sufficient to 
characterize the material. The 3DP materials were acoustically characterized at 
NPL in the range 2-20 MHz and the values at 1 MHz were obtained by 
interpolation (i.e. power fit, in the case of the absorption coefficient) (Fig. 12.2). 
Their acoustic characteristics were measured using the disks of 2, 3 and 5 mm. 
The use of disks with different thicknesses reduced the uncertainty on the 
measured parameters.  
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Table 12.2: Comparison between the target values (coefficient of absorption of neonatal 
bone) obtained from the literature (Duck, 1986) and the materials obtained in this study to 
mimic neonatal skull bone. 
Skull mimic properties 
Infiltrant Absorption @ 1 MHz 
(dB/cm) 
Power dependence of absorption with 
frequency 
Epoxy 6.8 1.50 
Polyester 64.9 1.37 
Wax 23.6 0.97 
Target value 5 to 7 for neonates* 1.20 to 2.10*  
*(Duck, 1986) 
 
 
Fig. 12.2: Plot of acoustic absorption results of 3DP infiltrated samples of 2mm, 3mm and 
5mm thickness. 
 
The resulting comparison with the target value (Table 12.2) identified that 
the ceramic infiltrated with epoxy resin, with an attenuation of 6.8dB/cm, was 
the best candidate to mimic neonatal cranial bone. The polyester resin samples, 
with an attenuation of 64.9dB/cm, presented acoustic properties in the range of 
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adult skull bone, which has a higher attenuation of neonatal skull bone. Owing 
to the high amount of water, neonatal skull bone tends to reduce the loss of 
transmission compared with calcified adult bone. Paraffin wax presented 
inconsistent transmission absorption values across the three different 
thicknesses. 
 
 An appropriate material for simulating brain tissue was investigated by 
NPL co- investigators. The soft-tissue mimicking material (TMM) comprised of a 
mixture of animal gelatine and water with a mass concentration of 0.91g/l and 
this was considered adequate.   
 
12.3 Design and Manufacture of a Neonatal Skull Phantom 
12.3.1 Design Specifications 
 
 The second part of this research involved the manufacturing of a 
neonatal skull phantom to be employed in the testing of clinical ultrasound 
scanner, using the findings presented in the previous section. 
 An optimal phantom geometry could have been obtained through a 
reverse engineering technique, adopting the CT data of a neonatal patient 
converted into a STL file for the RP of the model. However, this approach 
presented ethical restrictions and was not pursued. Exposing a neonatal subject 
to ionizing radiation for reverse engineering purposes is not admitted and 
consequently available examples are very few.  
Clinical requirements dictated that the phantom described in this study should: 
 
• replicate the skull of a 33 weeks neonate (i.e. a premature baby); 
• comprise a prolate ellipsoid (i.e. the skull) filled with brain-mimic material 
(i.e. the brain) and covered with a simulated skin covering (1.5 mm thick); 
• include a cylindrical hole, with the same area and position of a typical 
fontanel at 33 weeks. 
 
The fontanel (or fontanelle) is an anatomical aperture typical of neonatal 
patients which normally ossifies between the 7th and 19th month (Fig. 12.3). 
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The fontanel is an essential element of ultrasound imaging as it allows the infant 
brain to be analyzed by ultrasonography, which is not possible in an adult skull 
where the bone represents an acoustic barrier. 
 
 
Fig. 12.3: Position of the frontal Fontanel (or Fontanelle) of a neonatal human subject 
(left). The neonatal skull phantom for ultrasound test fabricated by 3DP technology, and 
infiltrated with epoxy resin is shown (right).  
  
 The dimensions of the oblate ellipsoid (Fig. 12.3) were obtained by 
intersecting the reference data commonly used in the neonatal units in the UK 
(Child Growth Foundation, 1996) with those reported in (ICRP 2002) (Appendix 
C). 
 The skull phantom was manufactured by 3DP, consistent with the 
methods followed in Section 12.2, using Clear Coat™ Epoxy Resin as an 
infiltrant material. 
 
12.3.2  Target Points for Thermal Monitoring Within the 
Phantom 
 
 Finite element modelling and preliminary results with an initial design first 
version of phantom showed that the highest temperature increase is to be 
expected near the surface of the transducer (in correspondence to the highest 
change of acoustical and thermal impedance), as described in the paper written 
in collaboration with NPL co-investigators (Memoli et al., in press). However, 
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there are many other anatomical elements within the phantom that need to be 
monitored. 
 Fig. 12.4 shows the temperature dependence, obtained by finite element 
modelling (PAFEC), for a semi-spherical skull filled with brain-mimic material 
and subjected to the emission of a cylindrical transducer through a hole in the 
skull (i.e. the fontanel, Fig. 12.4) (Memoli et al., in press). The values of the 
temperature, shown in Fig. 12.4, are probably much higher than the ones that 
would be observed in reality (due to the particular, “worst-case” model used for 
the transducer). An analysis reveals four important positions to monitor: (1) just 
below the exciting transducer, under the skin-mimic; (2) in the bulk of the brain 
(3) between the skin and the bulk, to monitor the gradient; (4) in the bone 
opposite the fontanel, where the exciting transducer is.  
 Consequently, the phantom was to incorporate at least 4 thermocouples, 
one of which (i.e. TC 1) would be embedded in the portion of 3DP model of the 
skull opposite the fontanel, while the other three thermocouples (i.e. 2, 3 and 4) 
would be embedded into the brain mimic material. The challenging task of 
embedding the thermocouple in the 3DP model of the skull is described in the 
following section. 
 
 
Fig. 12.4: Ideal position of the thermocouples according to FEM analysis performed by 
NPL investigators. 
 
4
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1
3
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12.3.3 Embedding of Fine-Wired Thermocouples into 3DP 
Phantom 
 
 A Thermocouple (TC) had to be embedded into each of the two hemi-
spheres, they constitute the skull phantom. The TC’s were essential to measure 
the temperature variations within the skull during ultrasound scanning.  
The embedding of the TC during the printing process was dictated by 
several factors. First, the poor accessibility of the skull phantom could be an 
obstacle to the positioning of the TC once the skull has been manufactured. 
More importantly, the in-process embedding would avoid the use of secondary 
materials, such as adhesives, that would hinder the response rate of the TC, 
and, consequently, affect the accuracy of the measurements. 
A novel method was developed for the embedding during the 3DP process. 
Although there is a wide range of thermocouples’ types, only a few of these 
could be adopted. Some restrictions were dictated by the nature of the 3DP 
process. During a preliminary test, it was seen that film-thermocouples, when 
deposited, resulted in a discontinuity between two subsequent printed layers, 
and affecting the integrity of the 3D printed sample. Similar tests showed that 
Fine-Wired Thermocouple (FWTC) appeared the most suitable for this purpose. 
They are available in many diameters, and in this case, a 0.125mm FWTC was 
selected. The FWTC had to be positioned at the top of the hemi-sphere, as 
close as possible to the inner surface (Appendix C); in this case at 
approximately 0.5mm from the inner surface (Fig. 12.5). 
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Fig. 12.5: Position and orientation of the embedded FWTC inside the 3DP neonatal skull 
phantom. The probe of the FWTC was centred at the top of the hemi-sphere, allowing the 
two wires to exit from the two opposite sides.   
   
The sequence of phases followed during the in-process embedding of 
the TC are described in Fig. 12.6. After the 3DP job was started, the printer was 
paused at the specified layer. At this point, a new layer of unbound powder was 
present over the printed part, ready to be selectively bound by the jetted binder 
(Fig. 12.6B). The FWTC probe was then manually positioned on the powder 
bed surface, along the x-axis of the printer (Fig. 12.6C) to minimize the 
disruption caused by the roller during the spreading phase. The loose powder, 
surrounding the printed object, acted as a support and avoided possible 
displacements of the newly printed feature when depositing the FWTC. Once 
the FWTC was in place, the printing job was resumed, and the print-heads 
jetted the next layer of the built part (Fig. 12.6D). As the build progressed layer-
Probe 
Wire 
Wire  Target area 
of probe 
position 
Target area 
of probe 
position 
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by-layer, the FWTC was progressively embedded into the printed skull phantom 
(Fig. 12.6 E-F).  
 
Fig. 12.6: Schematic representation of sequence of phases followed during the in-
process embedding of the FWTC into a 3DP part. A cross-section of the 3DP part is jetted 
(A) and a new layer of powder is spread (B). Then, the 3DP machine is paused and the 
FWTC is deposited on the powder bed surface, along the slow axis x (C). The process is 
resumed and a new cross-section is jetted (D). The deposition of additional layers 
determines the complete embedding of the FWTC (E, F). 
 
The position of the deposited FWTC was monitored through the in-
process video analysis to ensure accuracy and recording of the positioning prior 
and during the 3DP process steps. 
 
12.3.4 Video Monitoring 
 
The video system developed for in-process analysis of 3DP (Chapter 6) 
was employed in this application. It was necessary to assess the location of the 
thermocouple’s probe inside the printed model, which would otherwise have 
been only possible through destructive methods, which would have been 
counterproductive. Alternatively, other non-destructive methods of analysis, 
z 
y 
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such as ultrasound and micro-tomography, could have been employed, but 
these methods would not present the opportunity to recognise and rectify errors 
during production. Also these alternative methods could not be performed 
directly at the manufacturing facility and require a more lengthy procedure than 
the video analysis, which was more immediate and time saving. Eventual errors 
occurring during the thermocouple embedment were solved at the 
manufacturing stage, with the repetition of the printing process if necessary. 
The video system was calibrated in relation to the position and 
orientation of the printed coordinates. Afterwards, the target position of the 
FWTC was visualized on a laptop monitor, represented by a benchmark mask. 
This approach improved the accuracy in placing the thermocouple on the 
powder bed. In addition, the acquired images of the built layers were analysed 
to calculate the position of the FWTC inside the phantom (Fig. 12.7). Eventual 
displacement or rupture of the FWTC could be ascertained by this method. 
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Fig. 12.7: A series of subsequent printed layers has been reported. It is noticeable how 
the FWTC, once deposited on layer “A”, was progressively covered by the added 
building material. An image of the calibration phase has also been shown (bottom right). 
 
12.3.5 Results 
 
 The images acquired during the phantom manufacturing and 
thermocouple embedding, permitted a direct control over the entire procedure. It 
was interesting to see how the thermocouple was progressively embedded into 
the manufactured skull phantom after a few layers (Fig. 12.7).  Measurements 
performed on the layer images assessed the location of each thermocouple 
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probe (Table 12.3). The thermocouples were successfully embedded into the 
3DP phantoms and positioned within the designated target area of 2mm Ø in 
the XY building plane (Fig. 12.8). The novel method explored for the 
thermocouple embedding into 3DP part was successful. The roller movement 
during the powder spreading did not disturb or disrupt the thermocouple, as 
confirmed by the NDA images.  
 
Table 12.3: Results from FWTC position measurements by imaging analysis (±0.03mm). 
The target position has been set as origin of the coordinate system. The distance values 
correspond to the Euclidean distance of the FWTCs probes from the origin.  
3DP part X (mm) Y (mm) Distance(mm) 
Back-1 0.39 0.09 0.40 
Back-2 0.10 0.60 0.60 
Front-1 0.90 0.30 0.96 
Front-2 0.27 0.03 0.27 
 
 
Fig. 12.8: Plot of positions of thermocouples’ probes within the target area of 2mm 
diameter calculated with the video system. All the probes were correctly positioned 
within the specified area. 
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12.4 Skin Covering for the Neo-natal Skull Phantom 
12.4.1 Introduction 
 
 An external skin-like covering was required to improve the realistic 
appearance of the neonatal skull phantom and aid the training purpose with 
regards accurate positioning at the fontanel. It is important to replicate the feel 
of skin in order to resemble a more realistic scenario. For this purpose, the skin 
had to be between 1.5 and 2.0mm thick, and manufactured from a skin-
simulating material. 
 An investigation was conducted regarding the possible techniques and 
materials to be employed for the skin production. A casting/moulding method 
was believed the most suitable for this application. It is a well established 
process which consists of the pouring of a liquid material into a mould that 
contains a hollowed cavity of the shape of the part to be manufactured. A wide 
range of materials exist for casting such as epoxy resin, polyurethane resin, 
plaster and metals. In this case, silicone was most appropriate for the skin 
mimic. In industrial applications, vacuum casting is largely adopted for the 
production of small series of parts. First, the master is built (often by RP), then a 
room temperature vulcanising (RTV) silicone or a polyurethane elastomer is 
cast around the master part to fabricate the mould. When the mould has been 
prepared, typically a two-part resin is poured inside it to create the final moulded 
part. In order to avoid adhesion issues between the mould and the cast part, 
two different materials should be used for the fabrication of these two elements. 
For example, if a silicone mould is used, the casting material should be different 
from silicone. This indirect method is relatively cheap. Some works have 
explored the use of RP technologies for direct mould or tool manufacturing, 
known as Direct Rapid Tooling (DRT) (Sachs et al., 1999; Harris et al., 2004; 
Levy et al., 2003). The RP mould can then be used for casting process the skin-
like covering. The advantage of DRT is the ability to directly design the mould 
and produce part in a shorter time, by avoiding the manufacture of the master. 
In addition, the life of a rigid mould produced by RP is often higher than a 
silicone mould, which tends to deteriorate after a number of mouldings.  
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 The compatibility of the casting material had to be considered to allow a 
good release of the cast part from the mould. For instance, when a silicone 
mould is adopted, a different material should be used for the casting. 
Alternatively, if the mould part is silicone, then the mould could be produced 
from a polyurethane elastomer. However, the use of specific release agent can 
be used overcome this issue. 
  
12.4.2 Materials and Methods 
 
 For this application, 3DP was initially considered for the mould 
manufacture. Following preliminary fabrication of such a mould, the result was 
not satisfactory due to the relatively low accuracy and poor surface finish of the 
produced mould. In addition, the mould had to be infiltrated with epoxy resin to 
increase its strength and to seal the pores and a manual post-processing phase 
(sanding) was also required to reduce the surface roughness. For this reason, 
the SLA process was preferred for the final mould manufacturing. Specifically, a 
Viper® SLA (3DSystem®, Rock Hill, USA) available at Loughborough University 
was employed. The SLA machine used Accura® PEAK™ Plastic as the building 
material, which offered mechanical properties and appearance (clear) similar to 
polycarbonate. 
 A suitable silicone material was identified for the casting. RTV 2403 
silicone (Techsil.co.uk) appeared the most promising for this purpose. It 
presented a relatively low viscosity (9000 mPa/s), which was essential for the 
correct flow of silicone within the narrow mould cavity. The slow curing rate of 
RTV 2403 was another advantage so that correct filling of the mould could be 
ensured. The mechanical properties of the cured silicone were: 3 Shore A 
hardness, 900% at break elongation, 9 kN/m tear strength and 0.5% linear 
shrinkage. 
 The skin covering had a thickness of 2mm. The mould was designed with 
Magics, including inlet and vents (Appendix C). 
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12.4.3 Results of Skin Manufacturing 
 
 Despite the higher cost of this technology, the Viper SLA provided a rigid 
mould with excellent cosmetic properties.  The building time was around 18 
hours. After manufacturing, the mould was placed into a UV oven for 24hours, 
to allow complete curing of the resin. The STL facets were still visible on the 
curved surface of the mould after cure, therefore sanding was performed 
manually with 320 grit and 600 grit sandpaper in order to smooth the mould 
surface. Prior to the casting process an appropriate release agent was sprayed 
over the mould’s surface to avoid the adhesion of the poured silicone to the 
mould. The silicone material was then poured into the mould under vacuum 
conditions and left to cure for 72 hours, after which time the skin part was 
extracted from the mould (Fig. 12.9).  
 
 
Fig. 12.9: SLA rigid mould produced with Viper™ SLA machine. The mould was 
successful for the casting of the skin covering, produced with a low-viscosity silicone 
(right).   
 
The skin covering was placed on the neonatal skull phantom (Fig. 12.10). 
The produced phantom has been evaluated by the NPL co-investigators 
together with clinicians, who confirmed the realistic appearance of the phantom. 
The produced skin covering was considered close to real human skin, in terms 
of colour and tactile response.    
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Fig. 12.10: Neonatal skull phantom infiltrated with epoxy resin (left) and skin covering 
applied to the phantom (right).  
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13. Discussion 
 
 
The aim of the investigation work presented in this thesis, as part of the 
COMBO project, was to explore the potential of 3DP for the manufacture of 
physical models with realistic visual and physical properties for tactile surgical 
simulation in FESS training. 
In this chapter the findings of the investigation presented in the previous 
chapters have been discussed, with respect to the project objectives reported in 
Section 1.4. Considerations concerning the obtained results and relative 
implications, and advantages and drawbacks of the research approach have 
been expressed.    
 
13.1  Anatomical Characterization of the Human Sinus 
 
 The first stage of the investigation addressed the objective a) of the 
research plan in Fig. 5.1, in order to analyse the anatomy and composition the 
human sinus tissue. The internal structure of the sinus elements was 
characterised by the analysis of micro-CT images from a cadaveric sample. The 
choice of micro-CT scanning, rather than other scanning techniques such as 
clinical CT, was made in the attempt to reduce measurement errors, such as 
the partial volume effect. According to the Shannon theorem (Shannon, 1949), 
this phenomenon is generated when the resolution (pixel size) of the scanner is 
lower than the feature to be described. It was not possible to compare the 
accuracy of the micro-CT reconstruction through another measurement 
technique, such as CMM, due to the logistic restrictions imposed on the 
cadaveric sample. However, the dimensions of the sinus structures, obtained 
through the micro-CT, were considered reliable by the clinician, Mr. Sama. The 
limited sample size, in the order of few centimetres, is a drawback of micro-CT, 
which does not permit the scanning of living patients. Clinical CT would be 
advantageous for characterizing the sinus structures of living patients, and 
therefore allowing comparison between different subjects in terms of tissue 
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composition. However the maximum resolution of clinical CT, in the order of 
0.5mm, was found not effective for describing sinus structures which can as thin 
as 0.2mm. Therefore, it was not possible to obtain as reliable measurements of 
the sinus structures with clinical CT when compared to micro-CT scanning.  
 The target tissues to be analysed were defined by a preliminary 
evaluation of the cross-profiles of the sinus elements in collaboration with the 
clinician Mr. Sama. These elements were: high-density bone, medium-density 
bone and soft tissue. The measurements conducted on the micro-CT images 
depicted a heterogeneous composition of sinus structures, which was confirmed 
by Mr. Sama. The composition of the sinus structures was important to 
understand as it affects their behaviour under surgical excising. In most of the 
sinus structures the composition comprised of an inner bony tissue and an 
exterior soft tissue (mucosal) layer. However, the turbinates, in particular the 
middle turbinates, present a rather complex configuration. Mr. Sama explained 
that they comprise of a large amount of soft tissue, as evidenced by the micro-
CT measurements, and an inner mesh bony structure. These characteristics 
determine the specific mechanical behaviour and cutting properties of the 
turbinates. The complex and geometrically fine structure of the turbinates, while 
evident in micro-CT scanning, is not identifiable by clinical CT scanning, due to 
the limited resolution.  
The resolution of the resulting micro-CT was also comparable with the 
resolution of 3DP and many other RP processes, which is in the order of 
0.1mm. In the literature, clinical CT has been demonstrated an adequate choice 
for reverse engineering of anatomical elements larger than sinus features, such 
as the femur, humerus, skull and others. The use of clinical CT, with a 
resolution of 0.5mm, for manufacturing purposes of a sinus phantom might not 
be adequate, due to the presence of very thin features, such as the lamina 
papyracea, which is approximately 0.2mm thick.    
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13.2  Characterization of the Mechanical Properties of the Sinus 
Tissue 
 
 The investigation described in Chapter 7 corresponded to objectives b) 
and c) which required the identification of the clinical requirements of FESS and 
the definition and measurement of the target properties to be replicated into the 
sinus phantom.  
Objective b) was addressed together with Mr. Sama, who explained the 
fundamentals of FESS, principally the resection of small tissue fragments 
through endoscopic instruments. Mr. Sama informed the co-investigators about 
the range of surgical instrumentation and the typical scenario of FESS. This 
phase was essential for understanding and identifying the typical issues 
characterising this endoscopic surgical treatment.  
It was decided, together with Mr. Sama, to characterise the cutting force 
perceived through the endoscopic surgical instruments during FESS, in 
fulfilment of the objective c). A group of representative endoscopic instruments 
has been identified, comprising of through-cutting rongeurs, backbiting rongeurs 
and the Hyax-bone punch. The through-cutting rongeur was identified the most 
broadly employed instrument in FESS, and it was selected for the mechanical 
testing. The test of other endoscopic instruments, adopted in specific cases, 
was not feasible in this research, due to time restrictions, although it could be 
valuable. A specific testing apparatus (FRED) has been designed and 
developed since conventional test methods could not be used. Objective data of 
the cutting force applied to different sinus elements could be obtained with the 
FRED test. The results obtained with this testing rig were not directly 
comparable with conventional mechanical tests. In addition, several factors 
could be expected to influence the recorded fracture force, such as the operator 
performing the dissection, the orientation of the instrument and the number of 
cuts. However, given the application context, the variability of the recorded 
values was considered acceptable for the purpose of the research.  
 Other similar studies have considered the measurement of the cutting 
force applied to a surgical instrument (Greenish et al., 2002; Hanna et al., 2008; 
Rosen et al., 2008). For instance, in the work of Chanthasopeephan et al., 
(2004), where the force was applied by a controlled actuator, owing to the 
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particular configuration of the test rig, they were able to calculate mechanical 
properties of the resected tissue, in that case porcine liver (ex-vivo). In the case 
of the FRED testing apparatus, the morphology and characteristics of the 
anatomical area (nasal sinus), a similar set-up was limited.  
The results of the sinus tissue characterisation based on the micro-CT 
images (Table 6.1) have been correlated with the results of FRED testing of the 
same cadaveric sample (Table 7.1), as shown in Fig. 7.8. It was noticed for 
example that some of the sinus elements with a similar thickness, 
approximately 0.6mm, presented different cutting force values, such as the bulla 
ethmoidalis and the uncinate process, with values of 6.9N and 16.74N 
respectively. The medial wall, that demonstrated a similar wall thickness, which 
measured 0.52mm in the micro-CT images, presented a cutting force of 14.52N, 
which is significantly higher than the bulla ethmoidalis. It was hypothesised that 
the total thickness of a sinus structure did not entirely explain its mechanical 
response, which is determined by other factors, such as the tissue composition. 
For example, the higher level of soft tissue in the bulla ethmoidalis compared to 
the uncinate process and the medial wall, where higher levels of bone tissue 
have been measured, could explain the difference in the recorded cutting force. 
The presence of bone, in particular high density bone, is expected to increase 
the cutting force. It can be supposed that the contribution of soft tissue to the 
cutting force is rather minor; however it does have implications in perception/ 
realism. For example, the middle turbinate (medium), which was in the order of 
1.55mm, presented a cutting force close to that of the uncinate process and the 
medial wall, despite its larger thickness. It would be interesting to identify in 
detail the contribution of each single type of tissue on the measured cutting 
force. However, a different configuration of the FRED testing rig would be 
required. 
 In section 7.6 the cutting force values from a group of five cadavers were 
obtained. Despite the limited number of cuts performed on each cadaver, it was 
possible to detect a similar trend in the recorded cutting forces. In particular, the 
cutting force values of the bulla ethmoidalis were between 8.07N and 10.52N, 
significantly lower than the values from the middle turbinate and the medial wall. 
The cutting force values of the middle turbinate and the medial wall were not 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 13 – Discussion 
  232 
 
significantly different, however their composition and geometry is completely 
different, as stated by the clinician Mr. Sama. Comparing the average cutting 
force values from multiple cadavers with those obtained on the preliminary 
FRED testing of a single cadaver, described in Section 7.5.2 (Table 7.1), some 
similarities can be noticed. In that circumstance, the cutting force values were 
measured by FRED testing in the order of 6.9N (±1.74N) for bulla ethmoidalis, 
17.86N (±1.55N) for middle turbinate (large) and 21.91N (±4.61) for medial wall 
(large). Some differences are to be expected, due to the anatomical diversity of 
the cadavers and the heterogeneity of some sinus areas, such as the middle 
turbinates. 
 The FRED testing of in-vivo sinus tissue was desirable for the 
characterisation of cutting properties of human sinus tissue. It is perceived that 
the mechanical response of cadaveric and living tissues under surgical 
treatment may be different. Owing to this fact, the adoption of cadavers for 
surgical training purposes might not offer to trainees a faithful representation of 
in-vivo tissue properties. The efficacy of cadavers as a training tool could be 
questionable; however, an objective assessment of such inconsistency between 
post-mortem and living tissue is still absent.  
Currently, the in-vivo FRED testing was not possible in the timeframe of 
this research due to the health and safety policy of the NHS, which, consistent 
with other healthcare European organizations, would require extensive and 
extremely lengthy trials prior to committing its approval. Any device employed 
within the hospital premises has to respond to specific standards, as stated by 
the European Regulation. Therefore, following some discussion with QMC staff, 
the in-vivo FRED testing of sinus tissues was not performed. Alternatively, this 
work used fresh-frozen cadavers which provided the best alternative.   
 
13.3  Simulation of Sinus Tissue by Variation of 3DP Materials  
 
An important area of investigation of the COMBO project concerned the 
replication of sinus tissue characteristics through post-processing (infiltration) of 
3DP materials in accordance with objective d).  
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Some considerations concerned the method of infiltration, which had to be 
consistent, viable and repeatable. Immersion of the part in liquid infiltrant was 
believed the most adequate method of infiltration, in order to guarantee a 
complete distribution of the fluid within the intricate geometry of the sinus 
phantom.  
 The applied infiltrant seemed to affect the overall dimension of the 
treated samples. The results of physical measurements, revealed an increase 
of the overall thickness of the specimens which can be attributed to presence of 
excess infiltrant material on their surface. Observing the thickness values in 
Table 8.2, the thickness of the exterior layer seemed directly related to the 
viscosity of each infiltrant, which possibly limited both the ability to flow over the 
surface and penetrate the porous substrate. For example, materials such as 
polyester resin produced a dimensional deviation of approximately +0.16mm 
compared to the green specimen while the acetate solution, due to lower 
viscosity, revealed a deviation +0.01mm compared to the uninfiltrated sample. 
 The cutting force values of the infiltrated samples were found related with 
the mechanical properties of the adopted infiltrants. Substances such as 
cyanoacrylate, epoxy resin and polyester resin are typically tough materials in 
their cured state. Therefore, high values of cutting force were recorded with 
these infiltrants. 
 The results of DOP assessment presented in Tables 8.3 and 8.6 
indicated that the penetration was proportional to the viscosity of the infiltrants. 
Substances such as paraffin wax, acetate and polyurethane exhibit lower 
viscosity values than epoxy resin and polyester resin, and for this reason they 
efficiently penetrated the pores of the 3DP specimens. In addition, the results of 
DOP presented in Table 8.3 and Table 8.6 showed that the penetration tended 
to be higher along the lateral sides than the top and bottom sides. A similar 
result has been shown in the study of Lyons et al. 2008, who measured the 
penetration of cyanoacrylate in 3DP samples. They reported that the 
penetration of cyanoacrylate along the build layers (sides of the part) was on 
average 0.168mm higher than along the build planes (top and bottom sides). 
This could be due to the internal characteristics of the printed specimens, such 
as shell and core, and the effect of the 3DP method, which comprise of the 
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deposition of a series of (bonded) layers along the vertical direction (z-axis). It 
may expected that the shell of the top and bottom faces of the samples is more 
uniform and compact than the shell of the lateral sides, which may present a 
less dense structure. A higher porosity between the bonded layers of powdery 
material would favou the penetration of the infiltrants. This fact has to be 
considered during the infiltration process, taking care of the orientation of the 
3DP part, although it should not be a relevant issue owing to the small thickness 
of sinus elements.   
 Comparing the results of FRED testing (Table 8.5) with the results of 
DOP (Table 8.6) of the multi-material infiltration, it was noted that a higher 
penetration of an infiltrant resulted in a higher magnitude of the recorded cutting 
force. For example, the epoxy resin seemed to penetrate deeper with the 
porous substrate infiltrated with acetate than that infiltrated with Polyurethane 
resin. The FRED test revealed a higher cutting force for the first combination of 
infiltrants, such as acetate + epoxy resin. Additionally, polyester resin applied to 
the acetate-infiltrated sample presented a higher cutting force value than when 
applied to the polyurethane-infiltrated sample, which could be explained with a 
higher penetration within the porous substrate as shown by the DOP 
measurements.  
 The dilution of the epoxy resin with acetone at 10:2 ratio performed in the 
second test of multi-material infiltration (Section 8.8) was intended to reduce the 
mechanical properties of the epoxy resin, and consequently reduce the cutting 
force of the infiltrated samples. However, the results of the FRED test (Table 
8.8) showed that most of the specimens, except for paraffin wax, presented 
slightly higher cutting force compared to the previous FRED test (Table 8.5), 
where the epoxy resin was not diluted. This was found, for example, for the 
“polyurethane + epoxy resin” combination, which presented a cutting force of 
18.34N and 22.86N, respectively for 0.5mm and 1.00 specimens, as opposed to 
26.14N and 28.04N when the epoxy resin was diluted. It can be hypothesised 
that the dilution, reducing the viscosity of the epoxy resin, increases the 
penetration into the 3DP sample, which causes a higher cutting force.  
As described in Section 8.6, a group of silicone products was selected 
and tested for replicating the external layer of mucosal tissue which 
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characterises a large part of the sinus. It was crucial that the mucosal tissue can 
be convincing and replicated so that a realistic phantom can be created. The 
micro-CT characterisation of the cadaveric sinus revealed an amount of soft 
tissue between 0.1mm and 0.48mm, excluding the turbinates which present soft 
tissue values between 0.65mm and 1.59mm. Of all the tested silicones the 
MM282 and the AS1620, owing to their lower viscosity, produced a total 
external coating in the order of that found within the sinus. For instance, the 
3DP samples coated with MM282 presented an external coating of 
approximately 0.32mm and of 0.22mm when the same silicone was diluted at 
10%. The external layer produced by the AS1620 silicone on the 3DP 
specimens was approximately of 0.45mm, slightly larger than the MM282. It 
should be highlighted that the silicone coating was applied on flat vertical 
features, which were covered homogeneously. In the case of a more complex 
geometry such the sinus phantom, the thickness of the external silicone coating 
would be less homogenous. The orientation and repetitive rotation of the sinus 
phantom following the silicone application can reduce this issue. Due to the 
method of application of the silicone, it was not possible to control the thickness 
of the external coating, which was desirable in order to replicate the correct 
geometry of the mucosal layer at each specific location.  
Comparing the results of FRED test and the qualitative assessment, 
performed by Mr. Sama, of the infiltrated materials, a close correspondence 
was suggested. For example, the combination of “paraffin wax + epoxy (diluted 
10:2) + silicone (MM282 or AS1620)” was judged similar to bulla ethmoidalis in 
terms of cutting behaviour by the clinician. This was confirmed by the recorded 
cutting forces: the bulla ethmoidalis was found to have an average cutting force 
value of 8.43N, and the 3DP samples, infiltrated with the combination 
mentioned above, presented cutting force values of 8.22N (using MM282) and 
FRED apparatus can be considered a good criterion for comparing the cutting 
behaviour of the sinus tissues and synthetic simulation materials. 
The results produced in Chapter 8 concerning the simulation 3DP 
materials represent an efficient alternative to the characteristics of some 
physical models presented in the literature, such as the training FESS phantom 
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described by Briner et al. (2007), which was not representative of the 
mechanical characteristics of sinus tissue.  
In respect to the existing simulation phantoms for FESS training, such as 
those presented by Nogueira et al. (2008) and Yamauchi et al. (2004), objective 
data concerning their cutting properties are not available. A testing method, 
such as the FRED apparatus, would be advantageous to effectively assess the 
consistency of the cutting behaviour of these different training phantoms, 
compared to real sinus tissue. 
     
13.4  Characterisation of Internal Structure of 3DP Parts 
  
In order to address objective d), part of the investigation presented in this 
work focused on the in-process analysis of the printing pattern produced within 
the cross-sections in 3DP. It was thought by the COMBO project team that 
altering the internal structure of a 3DP part might have an effect on its 
mechanical properties. An efficient methodology for the characterisation of the 
internal characteristics of printed parts was required. Therefore, an appropriate 
video apparatus was designed and developed in order to perform an in-process 
video NDA of the cross-sections produced in 3DP.   
Comparing the results of measurements performed with the NDA video 
system and a digital calliper (Table 9.2), revealed no relevant differences 
between the two measuring methods. It was observed that the printed features 
of 0.5mm presented a deviation between +0.29mm and +0.44mm, compared 
with the nominal dimension. This deviation was detected by both the in-process 
video analysis and the calliper measurement, and it seems to affect only small 
printed features. The same issue was less evident in thicker features of 2.5mm 
and 5.0mm, which presented deviation values of approximately 0.1mm. It is not 
clear what the causes of this inaccuracy of thin features were, although it could 
be attributed to the excessive bleeding of binder with thin features.  
The selection of the appropriate thresholding method for segmenting the 
printed features on the acquired images required particular attention. The main 
issue was due to the irregular edges of the printed elements, which could be 
due to the powder particles constituting the building materials. The surface 
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finish of 3DP objects has been found to be relatively poor, as described in the 
work of Pilipovic et al. (2009). A second problem was a blurring effect affecting 
the edges, which is hypothesised as being caused by the inhomogeneous 
bleeding of the binder or by the influence of the previous jetted layer, which 
might not be perfectly aligned with the actual cross-section. In this study, it was 
considered more adequate to exclude this blurred area of the edge from the 
measurements.   
Part of the investigation concentrated on the characteristics of the cross-
section of the printed elements. The thickness of the exterior shell of 3DP part 
has been measured in relation to different contour geometry, such as a square, 
circle, a triangle and a convex shape (Tables 9.3 and 9.4). No relevant 
differences in terms of thickness were ascertained between the four geometries. 
Observing the images acquired by the NDA video system (Fig. 9.18), it may be 
assumed that the thickness of the shell is kept fairly uniform along different 
shapes. The shell geometry was slightly rounded on the inner side of the 
corners. Comparing the thickness of the shell produced on the samples printed 
in clear and coloured mode, important differences were measured. In clear 
mode, the shell, which was printed with clear binder, presented a thickness 
between 1.51-1.58mm. Instead, in the case of coloured mode, the shell was 
found to comprise of two elements, of an external coloured shell and an interior 
clear shell, instead of just a single coloured shell. The coloured shell had a 
thickness between 1.02-1.11mm, and the clear shell was between 0.57-
0.64mm. This printing strategy might be aimed to reduce the amount of jetted 
colour binder, which is normally more expensive than the clear one. This 
particular configuration (coloured + clear shell) would not have been detectable 
with other testing methodologies, such as microscopy, due to the impossibility 
of detecting the clear shell once dried. In a preliminary study of Edmonds 
(2007), the microscopy analysis of the coloured shell of 3DP sample reported a 
thickness in the order of approximately 1.10mm, neglecting the presence of the 
additional clear shell, which was not visible under microscopy.  
 In Section 9.4.3 the interior features printed at high saturation, defined as 
the core, have been analysed. Gathering together the single images acquired 
during the 3DP process, a 3D view of the internal structure was obtained. A 
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scaffold-type structure was clearly recognizable, and it represented the building 
pattern followed during 3DP, in order to compromise between strength of the 
part and binder consumption. The characteristics of this internal structure, 
printed at higher saturation, seemed to be kept uniform within the inner region, 
regardless to the location. Observing the results of the analysis (Fig. 9.21), in 
particular the position of the centroids (Fig. 9.22), a symmetric configuration of 
this internal structure can be hypothesised, which would allow an equal 
distribution of the stresses along the x, y and z directions. It is still not clear how 
the parameters of this scaffold-structure are applied at each single job. The user 
of a 3D printer does not have access to the parameters, which control the 
geometry and topology of the inner elements. This fact can be justified by 
considering that the majority of the 3DP users might not be interested in varying 
the internal characteristics of their prototypes, which are frequently adopted only 
for visualization purposes.  
   
13.5  Effect of Manipulation of Printing Parameters 
 
 According to objective d), the investigation determined the effect of 
different saturation values on the cutting force measured with the FRED testing 
apparatus. The results for test samples of 0.5mm and 1.0mm showed an 
increase of the cutting force values up to 30%, for saturation values of 125% 
and 150%, and samples infiltrated with epoxy resin (diluted at 90%). For 
samples infiltrated with UR3040 (urethane) and MM282 silicone (diluted at 
30%), the increase was less important, but still noticeable. Decreasing the 
binder saturation to 90% determined a slight increase of the overall strength of 
the samples, regardless of the adopted infiltrant. This fact might be justified by 
the higher porosity of the samples printed at 90% of binder saturation, which 
should allow a higher amount of infiltrant fluid to penetrate within the porous 
substrate.  
 The manipulation of the saturation parameters also had a significant 
effect on the part accuracy, as confirmed by physical measurements of the 
printed samples. Increasing the binder saturation determined a deviation up to 
+0.3mm, compared to samples produced at 100% (default) of binder saturation. 
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There could be several causes of this dimensional deviation. Possibly, the 
excessive bleeding of the binder outside the boundaries of the cross-section 
might be due to the higher volume of deposited binder, which tended to exceed 
the edge of the expected area. A second possible cause might be the lower 
porosity of a sample printed at higher binder saturation. Consequently, a lesser 
amount of infiltrant, applied in the post-processing, could penetrate within the 
porous substrate, creating an external skin on the sample surface. The bleeding 
effect at higher saturations was less significant for 3mm specimens, compared 
to samples of 0.5mm and 1.0mm thickness. The 3mm features presented a 
maximum deviation of approximately 0.06mm when printed at 150%, compared 
to those printed at 100% of binder saturation. 
 It was not clear whether the increase of saturation percentage itself 
effectively contributed to the variation of the fracture force or if this was due to 
increased part thickness. The FRED testing of 3.0mm thick samples printed at 
different level of binder saturation revealed a significant effect of this parameter 
on the cutting force. For example, the specimens infiltrated with epoxy resin 
(diluted at 90%) reported a cutting force of 14.49N at 100% of binder saturation, 
17.79N at 125% and 24.26N at 150%. Considering that the thickness 
measurements revealed a minor dimensional deviation between the different 
saturation levels, it could be hypothesised that the variation of the cutting force 
was due to the variation of the binder saturation parameter.  
It can be assumed that the default settings have been accurately 
determined by the manufacturer (ZCorporation) to guarantee the best accuracy 
of the printed parts. Some default parameters can be set to reduce the bleeding 
effect, which can vary depending on the powder characteristics or some 
environmental factors, such as humidity. ZCorporation recommends a 
calibration procedure for adjusting the parameters of bleeding compensation, 
which is performed by printing benchmark elements larger than 10mm. 
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13.6  Sinus Training Phantom Development 
 
In Chapter 11, the investigation concerned the development of a complete 
version of the sinus phantom, according to the objective e). Possible issues 
during the whole manufacturing process were evaluated.  
Some of the findings of the previous chapters, such as the infiltrant 
materials combinations, were applied to a 3DP sinus phantom, which was 
evaluated by Mr. Sama. The results showed that most of the sinus structures 
could be replicated by 3DP and appropriate infiltrant combination. However, 
these manufacturing methodologies may not be effective for replicating large 
soft tissue structures of the sinus, such as the turbinates. Mr. Sama found that 
the turbinates of the phantom were more rigid than expected, which presented a 
limitation to the mobility of the endoscopic instrumentation within the sinus 
cavities. This is due to the use of a single building material in 3DP process. 
Even when infiltrated with elastomeric materials, the 3DP samples cannot 
replicate the typical softness of the turbinates, which include a large portion of 
soft tissue, in the order of few millimetres of thickness. This issue is relevant 
most of the RP processes which adopt a single building material. Some multi-
material RP technologies have been introduced into the market, such as the 
Connex500™ by Objet Geometries Ltd., but they do not offer the same 
advantages and flexibility of 3DP. In addition, the colour (i.e. black) of some 
elastomeric materials offered by Object could be an issue for a realistic 
simulation phantom. Also, their composition (epoxy/acrylic) is less favourable 
for representing the necessary simulated material properties of tissue under 
dissection. 
In the Section 11.2.2 the sinus phantom was split into three separate 
modules, in order to facilitate post-processing operations, such as depowdering 
and infiltration. A significant amount of work was required in Mimics for 
manipulating the sinus structures. For example, manual editing of the masks 
was required for including the turbinates in the same module (middle), which 
otherwise would have been separated into two portions. The splitting of the 
sinus phantom is a necessary step, but it also has to be accurately planned. It is 
not possible to define a standard procedure applicable to each different sinus, 
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due to anatomical discrepancies between human subjects. Similarly, the sinus 
training phantom proposed by Yamauchi et al. (2004) proposed splitting the 
sinus phantom into multiple modules along the sagittal plane, as opposed to the 
axial plane as done in this investigation. In both the cases, the sinus phantom 
would introduce some dissimilarity with the configuration of the real sinus 
features. The separation lines between the elements of the phantom are 
obvious under endoscopic examination.  
 In Section 11.3.2 the sinus modules were adapted to the head mannequin 
by additional features, such as locating plates. In future custom versions of the 
sinus phantom, generated from patients different from the skull’s subject, the 
adoption of a standard head mannequin means that some alterations and 
adjustments of the sinus modules will be required, since anthropomorphic 
discrepancies between different persons have to be expected. Nevertheless, 
these differences concern the area outside the sinus region, and, consequently, 
they do not affect the efficacy of the training phantom. The skin mask applied to 
the skull model would conceal the differences between the skull and sinus 
modules, and the trainees would not recognise these imperfections. 
Compared to other phantoms presented by Briner et al. (2007) and 
Nogueira et al. (2008), the sinus phantom proposed in this work was reverse 
engineered from tomographic images and then manufactured by RP means. 
This approach is crucial for the fabrication of custom training phantoms, similar 
to the approach described by Grunert et al. (2006) and Yamauchi et al. (2004), 
who proposed a modular training phantoms obtained from CT images. 
However, the phantoms produced in the literature did not consider the 
possibility to mount different modular sinus phantoms, obtained from different 
patients, into a standard head mannequin, as was documented in this thesis.       
  
13.7  Simulation of Bone Acoustic Properties for Ultrasound 
Phantom 
 
 Collaborative research conducted with the NPL aimed to fabricate a 
neonatal skull phantom to be adopted in test procedures of ultrasound 
equipment, but also in training programmes of ultrasound diagnostics, in order 
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to assess the thermal effect of ultrasound scanning. This is of interest because 
the application of ultrasound is believed to increase the temperature of tissues 
proximal to the transducer.  
Objectives a), b) and c) were adapted to the NPL sub-project, where the 
characteristics of the anatomical area to be reproduced and the requirements of 
the ultrasound neonatal examination were identified. The target properties to be 
simulated in this application were defined after discussions with NPL co-
investigators.   
 The first part of the study investigated an appropriate infiltrant material 
able to mimic the acoustic properties of neonatal skull bone, according to the 
Objectives c) and d). The coefficient of acoustic absorption of the material was 
defined as the target property to be replicated into the 3DP simulation material. 
Three different infiltrants were tested: epoxy resin, polyester resin and paraffin 
wax. An attenuation of 6.8dB/cm at 1MHz was measured in the epoxy infiltrated 
samples, which was considered in the range of neonatal skull bone by the co-
investigators of NPL. In the work of Truscott et al., (1993) epoxy material 
(Araldite CW 1302 epoxy + Araldite HY 1300 hardener) was tested for 
simulating the attenuation of bone tissue. They measured attenuation values of 
approximately 3.7-3.8 dB/cm at 1MHz, less than that recorded by the NPL co-
investigators. This could be due to the characteristics of the composite material, 
which comprises of the 3DP powder/binder material and the epoxy resin. 
Several factors, such as the reflection losses at the epoxy-powder interfaces, 
might have determined a higher attenuation than epoxy resin alone. The 
attenuation of polyester resin-infiltrated samples was of 64.9dB/cm, which could 
be possibly due to the specific transmission properties and physical properties 
of the polyester resin.  
Part of the investigation, described in Section 12.3.3, addressed 
objective f), which required the in-process embedding of a thermocouple into a 
3DP part, in this case a neonatal skull phantom. FWTC were selected for the 
embedding procedure. In the preliminary work, other types of thermocouple 
were tested. In particular, Film-Thermocouples were preferred by NPL co-
investigators for their characteristics. Unfortunately, it was not possible to 
establish an adequate methodology for the embedding of such thermocouples 
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during the 3DP process, because they were incompatible with the powder-
spreading activity, which tends to disturb their position on the powder bed. 
According to the Objective g), the video system NDA, described in 
chapter 9, found a further application in the monitoring of the embedding 
process of the thermocouples. The acquired images allowed the ascertainment 
of the correct positioning of the thermocouple probe, which has to be located 
within a specific area, of 2mm in diameter. The results indicated some variability 
in the position of the thermocouple, which had to be expected, due to the 
methodology followed for the initial placement. However, the achieved accuracy 
fulfilled the requirements. Factors affecting the location of the thermocouple 
include the manual positioning of the thermocouple in the powder bed and the 
action of the roller spreading the powder.  
 A neonatal skull phantom and an external silicone-skin covering were 
developed in order to comply with objective e). The findings of the investigation 
addressing the objectives d) (simulation material) and f) (thermocouple 
embedding) were applied to the skull phantom.  
The SLA process was chosen for the fabrication of a rigid mould, which 
was then employed for the manufacture of the skin covering, using the 
RTV2403 silicone. This approach was useful for correctly designing the 
additional mould features, such as inlet and vent holes. Compared with other 
RP processes, SLA allowed a better surface finish of the mould, which did not 
required any particular work of post-processing.  
The low viscosity of the chosen silicone permitted an acceptable flowability 
within the cavity of the mould, which was of approximately 1.5mm. The use of 
vacuum chamber was essential to improve the casting process, and avoid the 
presence of air bubbles within the casted part. A series of skin parts were 
obtained and tested on the skull phantom for fitting control. The produced skin 
covering was considered very realistic by the clinical staff.   
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14. Conclusions 
 
The research described in this manuscript has demonstrated the potential 
of the 3DP process in the manufacturing of biological representative materials 
for use in training phantoms, according to the aim of the COMBO project and 
NPL sub-project. 
 
Some conclusions have been drawn from the research, as follows: 
   
• Micro-CT was demonstrated to be an effective method for the 
characterisation of the anatomy and internal of the human sinus, against 
clinical CT. A heterogeneous composition of the sinus elements was 
confirmed by measurements conducted on the acquired images.  
 
• The cutting forces applied during surgical excision of the sinus tissue were 
measured with customised surgical testing equipment (FRED), which 
included a representative FESS instruments, namely as a through-cutting 
rongeur. The FRED apparatus was successfully employed for the testing 
of multiple cadavers. It was concluded that significant differences, in terms 
of cutting properties, between some areas of the sinus complex could be 
quantified with FRED testing. In addition, this testing apparatus was an 
invaluable instrument for directly comparing the mechanical properties of 
the produced 3DP simulation materials and the corresponding sinus 
structures.  
 
• It was concluded that the 3DP process could effectively reproduce the 
cutting properties of the elements of the paranasal complex by post-
processing means such as infiltration. The combination of several infiltrant 
agents was demonstrated as efficient in mimicking the cutting behaviour of 
elements, such as the bulla ethmoidalis, the medial wall and the middle 
turbinate. A close correlation between 3DP simulation materials and sinus 
structures was confirmed by objective data, obtained by FRED testing and 
qualitative evaluation of the clinician, Mr. Sama, as opposed to other 
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FESS simulation phantoms presented in the literature whose realism, in 
terms of cutting properties, has not been adequately documented.  
 
• A novel machine vision system for in-process layer-by-layer monitoring of 
3DP was developed. Objective data concerning the internal structures of 
3DP part were obtained, which were not available in the literature and 
impossible to gain with conventional analysis methods (e.g. microscopy). 
The machine vision system was used for measuring the thickness of the 
external shell, which was between 1.51mm and 1.58mm when printed in 
clear mode. The shell produced in colour mode was found to comprise of 
two elements, an external coloured shell measuring between 1.02mm and 
1.11mm, and an interior clear shell, of between 0.57mm and 0.64mm. It 
was also concluded that the developed machine vision system was able to 
describe the inner structure (core) produced at higher binder saturation, 
which appeared as a symmetric mesh structure. The machine vision 
system proposed also has many potential applications in 3DP beyond the 
scope of this thesis. 
 
• It was concluded that varying the printing parameters could have an 
influence over the cutting force of the 3DP parts, depending on the 
adopted infiltrant material. From the FRED testing of the 3DP samples 
produced at different binder saturation levels, it could not be concluded 
whether the variations of the cutting force were effectively due to the 
printing parameters (binder saturation) or to the dimensional deviation of 
the samples, which was ascertained when increasing the saturation.  
 
• Control of the 3DP inner geometry through the ZPrint software was not 
feasible. However, there is a growing consensus that the manipulation of 
the inner characteristics can be beneficial for many applications of RP. 
This fact is supported by the vast research conducted in the area of Local 
Composition Control (LCC) within the additive manufacturing community. 
 
• The investigation highlighted the limitation of 3DP process in reproducing 
soft tissue elements of the sinus, such as the turbinates, due to the single-
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material characteristics of the build process. It cannot be discounted that 
the development of an innovative RP process, for example a multi-material 
jetting technology, might overcome many of the limitations of 3DP 
process.  The adoption of multiple materials and the LCC of jetted or 
otherwise deposited material in the manufacturing of a simulation phantom 
would allow the close mimicking of the heterogeneity of human tissues, in 
a range of clinical procedures. 
 
• A prototype head mannequin with the function of hosting the modular 
sinus phantom was successfully developed and manufactured using the 
SLS process. The CT dataset, obtained from a public repository database, 
satisfied all the specifications for a standard head phantom. The modules 
of the sinus phantom were appropriately adapted to the head mannequin, 
demonstrating the possibility to combine the sinus phantom of a different 
subject to the same head dummy.  
 
• The research conducted as part of the NPL sub-project resulted in 
important findings. It has been concluded that the acoustic properties of 
neonatal skull bone can be effectively replicated with 3DP material 
infiltrated with epoxy resin.  
          A novel application of 3DP was presented by the embedding of a 
FWTC into a 3DP part, used in a neonatal skull phantom, designed to 
monitor the thermal effects of ultrasound examination. The position and 
integrity of the thermocouple was successfully monitored with the machine 
vision system during part fabrication. 
A complete version of the ultrasound skull phantom included an external 
1.5mm-thick silicone skin. The SLA process was adopted for the 
fabrication of a rigid mould, which was then used to cast the skin covering. 
  
In conclusion the value of this thesis lies in its contribution to the 
improvement of surgical practice, through an innovative application of RP 
techniques for the production of new physical training tools. The findings of this 
investigation will augment the confidence and performance of the skills of both 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Chapter 14 – Conclusions  247 
 
trainees and expert surgeons, who are the end-user of the sinus phantom, and, 
as an indirect effect they will enhance the safety of patients undergoing surgery. 
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15. Recommendations for Further Work 
 
  
 These recommendations take the form of suggestions for further 
improvements for these training phantoms for FESS and the associated issues: 
 
• It would be beneficial to acquire mechanical data during in-vivo sinus 
surgery with the FRED equipment, in order to compare the values 
between living and post-mortem tissue. It is believed that the 
deterioration of the tissue may cause an alteration in their mechanical 
properties. This might further demonstrate the inadequacy of cadavers 
for surgical training purposes, due to their dissimilarity with in-vivo 
tissues. 
 For this, the FRED equipment would need to satisfy European 
Regulations and obtain a valid certification for this test equipment. The 
efforts in terms of cost and time required for pursuing the European 
certification would be significant, although the benefits would justify such 
endeavour. 
 
• Other surgical instruments could be considered and modified, in order to 
expand the amount of information regarding the properties of sinus 
tissue undergoing surgery. The set of endoscopic instruments adopted in 
FESS is large and varied. Each single tool has been designed for a 
specific task.  
 
• 3DP, similarly to most RP processes, use a single building materials. 
The characteristics of the ceramic powder, adopted in 3DP, represent a 
limitation for the reproduction of soft elements, mimicking soft tissues. A 
possible solution for the manufacturing of elastic features might be the 
combination of a scaffold-like structure, fabricated with 3DP, and 
subsequently filled with silicone materials. An accurate investigation 
would be necessary, encompassing the scaffold characteristics (ribs 
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dimension, air gap, porosity, etc.) and silicone properties, such as the 
viscosity. The scaffold should respond to various specifications, such as 
an adequate strength to survive the depowdering process, and an 
appropriate porosity to allow infiltration and retention of the applied 
silicone. 
  
• After some discussion with the training tutors, it was suggested that the 
possible inclusion of additional features, such a vascular system, into the 
sinus phantom would be valuable. The aim would be to simulate the real 
condition of living tissues, and to teach to the surgical trainees the 
appropriate method for dealing with bleeding conditions. Apparently, 
bleeding is a very common condition encountered in sinus surgery. 
For this purpose, a series of channels could be fabricated into the 3DP 
sinus model, through which a blood simulant could flow. 
 
• Upon the completion of the skin covering by the Maxillofacial Lab of 
QMC hospital of Nottingham, the entire sinus phantom could be tested 
within a surgical training programme, in order to assess advantages and 
drawbacks of the model in relation with current training methods.  
 
• Complementary research, conducted by the PhD student No. 1 (Richard 
Taylor), developed a “case creator” software, for the generation of 
custom sinus model, resembling critical conditions, such as tumours or 
swelling of tissues within the sinus. This tool could be extremely 
advantageous for trainees and expert surgeons as it allows the 
simulation and planning of complex surgical cases. Expert ENT surgeons 
can learn and practice rare surgical procedures, which are unusual on 
normal operations. 
A further investigation should be conducted with this in 
conjunction with appropriate 3DP materials for mimicking polyps or 
tumours. These types of tissues are relatively soft and completely 
dissimilar to healthy sinus tissue. 
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• The machine vision system described in Chapter 9 could be expanded in 
order to enable an adaptive closed-loop control of the 3DP process, 
which operates on the basis of in-process measurements of the printed 
cross-sections.  
 
• With regard to the NPL sub-project, further improvements to the 
ultrasound neonatal skull phantom should consider the inclusion of 
additional features in the inner region of the skull, in order to replicate 
target cerebral areas, which the trainees are normally required to identify 
by ultrasound examination.  
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Appendix A – Machine Vision  
 
 
Tasks of Computer Vision 
 
 
 Computer vision is broadly used in industrial applications of automated 
inspection. The first phase of a machine vision system comprises the 
manipulation of image data to improve quality, emphasise features of 
importance and extract information at a low level. The second step consists of 
pattern recognition to identify and interpret data in image form, extracting 
information at a high level. Tasks of computer vision include: 
 
• Object Identification: image and recognise an object from a set of 
distinguishing features. 
• Inspection: possibly the area of greatest commercial potential and 
benefits; automated measurement and quality control procedures. 
• Analysis: tools for direct (laboratory) analysis of information contained in 
images. 
• Pick & Place Tasks: direct the action of a mechanical manipulator to 
achieve movement of objects. 
• Guidance: guide the movement of a manipulator around its environment 
as an aid to the execution of its task. 
 
 For all the above tasks, the video system has to detect, process and 
evaluate visual data derived from observing the immediate surroundings. This is 
where the discipline of digital image processing plays a vital role. It provides the 
tools and techniques necessary to carry out all of the above computer vision 
tasks.  
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Video System Architecture 
 
 A computer vision system normally comprises of multiple elements: the 
camera, the interface, the image memory, the central processor and the output 
monitor. The system performance relies on some major factors, intrinsic to each 
element: 
• Optics: lens aberrations, perspective, aperture, use of lighting. 
• Camera: electronic noise, linearity, dynamic range, spatial 
resolution. 
• Interface: sample rate, linearity, pixel registration. 
• Processor: quantisation error, memory size, speed. 
Camera 
 
Many machine vision and image processing applications use the 
Charged Coupled Device (CCD) or Complementary Metal-Oxide –
Semiconductor (CMOS) camera sensor as an input device. A given lens will 
image the object Field OF View (FOV) to a given size in the focal plane. It is 
important that the camera’s sensor area is at least as big as this plane, in order 
to avoid the loss of part of the image. Camera sensors come in a variety of 
different formats. The “standard” format used at the time of this thesis being 
written, is the “half-inch” format, with a sensor size of 4.8mm x 6.4mm, giving an 
image aspect ration of 4:3. Other popular formats are 1/3 inch (3.6mm x 4.8mm) 
and 1 inch (9.5mm x 12.7mm). The number of pixels in the sensor array and the 
separation and width of each pixel will determine the limit of spatial resolution of 
the camera. 
 
• CCD: this technology is a solid state construction of individual photo-
sites (pixels) in a two-dimensional, regularly spaced grid. Each photo-
site may be thought of as a well or “bucket”, which can accumulate 
electrical charge in proportion to the number of photons falling on it 
during the integration period of the camera (exposure time). Photo-sites 
are only around 10-15µm square and are separated from one another by 
a few microns. There thousands of such sites in one array, the more 
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sites the better the resolution and the more expensive the camera. After 
integration, the charges in each bucket are clocked out serially at high 
rates giving in effect and analogue output signal that changes with time 
for each row of photo-sites. Once all the sites have been “read” and 
emptied, the next exposure can take place. 
• CMOS: differently from what happens in CCD sensors, in CMOS 
sensors each pixel has its own charge-to-voltage conversion, and the 
sensor often includes amplifiers, noise-correction, and digitization 
circuits, so that the chip outputs digital bits. These other functions 
increase the design complexity and reduce the area available for light 
capture. With each pixel doing its own conversion, uniformity is lower. 
 
 There are several differences between CCD and CMOS sensors: 
• CCD sensors create high quality, low noise images. CMOS sensors, 
traditionally, are more susceptible to noise. 
• Because each pixel on a CMOS sensor has several transistors located 
next to it, the light sensitivity of a CMOS chip is lower. Many of the 
photons hitting the chip hit the transistors instead of the photodiode. 
• CMOS sensors traditionally consume little power. Implementing a 
sensor in CMOS yields a low-power sensor. CCDs, on the other hand, 
use a process that consumes lots of power. CCDs can consume as 
much as 100 times more power than an equivalent CMOS sensor. 
• CMOS chips can be fabricated on just about any standard silicone 
production line, so they tend to extremely inexpensive compared to 
CCD sensors. 
• CCD sensors have been mass-produced for a longer period of time, so 
the technology is more mature. They tend to have higher quality pixels 
and a larger amount of them. 
 
In recent years, more interest has been raised on CMOS technology, 
due to the low power consumption, integration and low manufacturing costs.  
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Lighting 
 
The choice of an appropriate light to be employed in a machine vision 
system is an extremely important task. It is also essential to optimise the lighting 
conditions for the particular circumstance. Poor lighting can be compensated for 
to a small extent with pre-processing in hardware, but this increases the system 
cost and complexity. There are many lighting solution; the choice depends on 
application. Common lighting configurations are: front lighting, back lighting, on 
axis lighting and ring illumination. Front lighting allows the imaging of surface 
details, whilst back lighting creates a silhouette for simple measurement or 
outline recognition. On axis lighting can be required in particular arrangements 
with limited available space. Ring illuminators are effective for imaging 3D 
objects, to avoid undesired shadows (Fig A.0.1).  
The effect of a particular lighting system will also depend on the object’s 
surface reflective properties, in particular whether it is a specular (mirror-like) or 
diffuse (scattering) reflector. The intensity depends on the camera aperture, 
dynamic range and exposure time. The colour is also important; in some cases 
monochromatic lights are employed, but also infrared and UV light.  
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Fig. A.0.1: Example of lighting configurations adopted in machine vision. 
 
Camera Lens 
 
 As with lighting, the quality of the digitised image depends on the quality 
and condition of the camera lens. The camera optics plays an important role on 
the system as a whole. Some important aspects of choosing a lens for a 
particular application are: depth of field, working distance, resolution, FOV, 
magnification, distortion, adjustment, ruggedness. 
• Depth of Field: determined by the aperture (f No.) of the lens system, 
which controls the amount of light reaching the camera. 
• Working Distance: the distance between the front of lens and the object. 
A lens that provides a long working distance will be physically larger and 
more expensive that a lens with a short working distance. 
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• FOV: the object area imaged by the lens onto the sensor. It must cover 
all features of interest, plus a small margin of error for alignment 
variations. 
• Magnification: to be set in such a way that features within the FOV 
appear large enough for measurement. A general rule is to have each 
feature not less than 3 pixels across its width with at least 3 pixels 
between features. If there are more than 100 features within the FOV 
then multiple cameras or multiple images must be used. Magnification is 
the ratio of the camera sensor width to the width of the FOV. 
• Distortions (aberrations): these occur to some degree in all lenses. The 
extent of any is mainly determined by the quality of the lens build, as well 
as the thickness of the glass. A lens corrected for certain types of 
aberrations at a given working distance or FOV may not work so well 
under other conditions.   
 
Design of Video System 
 
 Computer Vision is an integrative discipline, covering aspects of 
Electronics, Mechanical Engineering and Computer Science. Any systems 
design methodology must take into account all these aspects; the vision system 
must be designed and built as a machine for a specific task. This means that to 
design the system, we need an accurate specification. It has to be assumed 
that there will be limits to the capability of any vision system to carry out the task 
being contemplated. It is up to the computer vision system designer to decide 
on the viability of a given application. As with any system, the design has to 
start with a detailed specification. A large part of the system consists of 
software. The specification has to be able to define exactly what is required of 
the system, with respect to the process into which it is to be integrated. 
Because of this, the end user, who is familiar with the exact nature of the 
process, must draw up initial the specification. The end user must consider: 
• What properties of the target are to inspected or measured? 
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• What tolerances are necessary (including conformity to Quality 
Standards)? 
• What environment inspection or measurement is to take place in? 
• Who is to operate and maintain the system? 
• What is the desired payback time or budget constraint? 
• Ability to expand/adapt the system for future needs? 
 
 The designer of the video system must consider: 
• appropriate lighting system 
• mechanical handling what enhancement procedures may be necessary 
• how the desired target properties be segmented from images 
• how the desired decision (output) be correlated to the target properties  
• Who is to operate and maintain the system? 
• What are the financial constraints of the customer? 
 
 Creating an optimal lighting set-up is the first and most important step. 
The set-up and quality of the optical components, as well as the camera and 
frame grabber electronics must also be considered. The characteristics of the 
object, such as surface reflectance properties, must be considered. If it is highly 
reflective, transparent, dirty, wet or even in motion, this will affect the type of 
light to be used. Reflective surfaces such as glass, newly machined metal, 
plastic, may cause specular reflections that saturate the image. These effects 
can be reduced by use of diffused lighting, with polarisers on both source and 
detector. The use of LED lights should be considered as these tend to be 
rugged, compact and fairly powerful, making them ideally suited to industrial 
applications. The appropriate wavelength range can also be selected. For 
objects in motion, it may be necessary to use stroboscopic or pulsed lighting to 
“freeze” the motion, preventing image blurring. The strobe pulse width Pw can 
be calculated: 

Z   EVW/

\]
    Equation 3 
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where FOV is the field of view (in mm), Pl is number of pixels per line in image, 
Tv is the target velocity (in mm/sec). It is assumed that Pl and Tv are along the 
axis of travel of the target object. 
 
 Choosing the lens for a computer vision system is very important. The 
starting point for the lens selection is the sensor size of the adopted camera. 
The lens format should be larger or equal to the sensor format. The primary 
magnification (PMAG) is defined as the ratio between the sensor size (S(H)) 
and the FOV in the horizontal direction: 
 

^_  S	U
EVW	U
    Equation 4 
 
 The system magnification (SMAG) is the total magnification from the 
object to the image on monitor (sensor and monitor sizes measured along 
diagonal). The SMAG is so defined: 
 
S^_  
^_R^FJLFO S`I
SIJQFO S`I
   Equation 5 
 
Spatial Resolution is a measure of the camera’s ability to reproduce fine 
detail (high spatial frequencies) and is sometimes quoted in terms of the 
number of line-pairs per mm it can resolve. To resolve a line pair, we need a 
minimum of three pixels (one for the space in between the lines and one for 
each line). If it is assumed that the system resolution is limited by the camera, it 
can be calculated from the primary magnification of the lens: 
 
SabS  cRdeIH Q`I

^_
   Equation 6
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Appendix B - Image processing 
 
 
 Image data is held and manipulated in a digital processor (computer) as 
a two-dimensional array of “picture elements” or pixels that constitute the 
image. For monochrome images each pixel at location (x,y), has an intensity or 
grey level usually represented as integer values with 0 equivalent to black and 
2n-1 equivalent to white, where n is the number of bits used to store each pixel 
intensity. Each pixel has grey level in the range 0 ≤ g ≤ 2n-1, where n is normally 
8. Normally, images are square (N=M), but in most camera systems pixels are 
rectangular to maintain an aspect ratio of 4:3. Typical image sizes are integer 
powers of 2, such as 256 or 512. Both pixel intensities and their locations are 
quantised as a result of digital sampling.    
 
 
Fig. B.0.1: Matrix representation of digital images. 
 
 The image histogram is a two dimensional plot of the grey level 
population distribution of an image. Such plots provide useful data about the 
image in terms of contrast and dynamic range. 
 
Noise in Images 
 
There are many types of noise that may corrupt and degrade the quality of the 
images. Sources of noise include environmental, optical, electronic and digital. 
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It is usual to consider different types of noise as simpler mathematical models 
that may be combined in various ways to approximate the real thing. In general, 
we can represent a noise-degraded image g(x,y) as: 
 
   K	e, f  g	e, f h  i	e, f     Equation 7                                 
 
where the original, noise-free image is "	j, k and the noise function is 
represented by  l	j, k, which is known as additive noise, and as such it is 
difficult to deal with. The simpler noise models are concerned with uncorrelated 
functions, which are evenly random distributions with zero mean. Such types of 
noise can easily be removed using image-averaging techniques.  
 A more general noise model will have some image-dependent, random 
component "mn	opl7 as well as an image-independent component lq. Then 
the noise in equation (7) becomes: 
 
   i	e, f  grKsZ	e, ftui 	e, f h  ic	e, f        Equation 8         
 
where f and g are in general non-linear functions of the detector and recording 
mechanisms. The noise terms l7 lq are completely independent.  
Gaussian noise is a typical type of noise, known as white noise. This 
noise can be represented by a standard mathematical probability distribution 
function (PDF): 
 
                 
v	v   

wcxyc
z{| m
|v|c
cyc
p                                 Equation 9 
 
where the variance }q and the mean ~ completely describe the distribution. For 
values of }q  1 and the mean ~  0 we have standard normal distribution. 
 
 Several filters can be applied to the image in order to reduce the level of 
noise. One of the most effective is the median filter which is very useful for 
removing impulse and salt-and-pepper type noise. It is an example of the class 
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of order-statistic filters, whose non-linear response is based on the order or 
ranking of the grey levels contained within the kernel. 
 For a 3x3 local kernel, the 9 grey level values are simply ranked (sorted) 
into numerically ascending or descending order, and the middle value is 
returned for the central position of the filtered output. In this way, extremes of 
grey level (impulse noise) are removed, whilst the underlying data is largely 
unaffected. 
 It is generally better to use a circular region than a square. The algorithm 
is inherently slow, as the sorting operation can take up processing time, 
especially for large kernel sizes. Increased speed is possible by not sorting the 
entire neighbourhood each time, but carrying along some partial results from 
the previous mask position. 
 
Noise Reduction by Average Technique 
 
Considered the single exposure ig   and the added Gaussian noise iη  
),(),(),(i yxyxfyxg iη+=
   
Equation 10 
Where iη  has null average and variance [ ] 02 =+ jiE ηηση
 
if ji ≠ . The K-average 
of each ig  frame is so expressed: 
∑∑
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Equation 11 
Established that ),()],([ yxfyxgE = , the variance of the mean image )],([ yxg  
is: 
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Considered K images, the variance of the averaged image, is lower of a 
K factor than the initial image. The averaging technique is a reliable method to 
reduce the random noise. As a result the SNR (Signal to Noise Ratio) on the 
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final image is sensibly increased compared to the initial one. This represents an 
appreciate benefit in terms of detail improvement. 
 
Image Segmentation by Thresholding 
 
 The segmentation is an important part of machine vision. For simple 
geometrical measurement, pick/place or orientation tasks, it is usually sufficient 
to represent an object by its outline. The image is divided (segmented) into 
regions of background and object; the boundary between these two regions is 
defined as edge. 
 It is assumed that a discontinuity in grey level (dark-to-light or light-to-
dark) constitute a boundary. Problems for a reliable segmentation include noise, 
poor contrast, variation in background illumination, shadows.  
 Thresholding consists in rejecting those gradient values that do not 
constitute a genuine edge. It can be assumed an edge point if G(x,y)>T and 
reject all other points where G(x,y)≤T where T is some pre-determined gradient 
value. Values of T need to be selected carefully and are image dependent. A 
more complicated approach to thresholding involves multiple levels, in local, 
global or dynamic modes or combinations of these. 
 
Fig.B.0.2: Example of thresholding values applied to histogram. A=background, B=other 
objects and C=foreground. 
 
 The background (A), the foreground (C) and other objects (B) can be 
grouped into their dominant ranges of the histogram distribution, using two 
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thresholds T1 and T2. A general approach in the form of a test or condition can 
be used: 
 
   K	e, f  \me, f, d	, J, g	e, fp          Equation 13 
 
where x and y are the usual image coordinates, m and n are the local 
coordinates of some sub-region with a measurable local property p, and f(x,y) is 
the grey level of the original image at a particular location. There may be i 
threshold applied using this condition (Ti). We create a new thresholded image 
g(x,y) accordingly to the predetermined levels of T. 
• When T depends only on f(x,y) the threshold is Global; 
• When T depends on f(x,y) and p(m,n) the threshold is Local; 
• When T depends on (x,y), p(m,n) and f(x,y) the threshold is Dynamic; 
 
 The illumination of the image plays a very important role in determining 
suitable thresholding. In case of poor illumination or gradient of illumination 
within the image, an adaptative thresholding can be employed. The only issue is 
to decide how many sub-images (local regions) are needed to divide the original 
image into to get a good result.  
  
Automatic Threshold Selection 
 
 Automatic threshold selection can be accomplished for simple bi-modal 
histograms through various iterative methods. These assume that the grey level 
histogram is the sum of two normal intensity distributions (two classes), the 
Object pixels and the Background pixels. The threshold is usually not obvious 
because the two distributions overlap. The trick is to find where the two 
distributions intersect. 
 
 One basic iterative method is the “Means Clustering Algorithm”. It 
comprises of several steps: 
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1. Select initial estimate for T, for example based on image mean or a value 
mid-way between highest and lowest grey level present; 
2. Separate the histogram into two groups of pixels; G1 with values >T and 
G2 with values ≤T; 
3. Calculate the means µ1 and µ2 of each group; 
4. Calculate revised threshold value Tn=( µ1+µ2)/2; 
5. Repeat steps 2 through 4 until successive iterations yield only small 
changes in Tn. 
 The main problem with this method is the choice of the optimal initial T, 
which determine the success of the final T estimation. 
 
 The “Otsu” method is another proposed algorythm for thresholding (Otsu, 
1979). For each grey level (g) along the histogram (h(g)), the algorithm 
calculates the variance of the two portions of the histogram lying on each side 
of g (v1(g) and v2(g)). It then tries to find the grey level (Tg) that minimises the 
sum of the two normalised variances. This variance is sometimes called the 
“within-class” variance, and can be expressed as: 
 
]Z	K  Q
	K]	K
S
h Qc
	K]c	K
S
          Equation 14 
 
Where 7	n  ∑ 	
(
7  ,  q	n  ∑ 	
,
(X7  , 
 
  ∑ 	,7      and n=size of the histogram 
 
o	n is then a minimum at n  n, the desired threshold level. 
 
Moments Theory 
 
 For binary images or for shape boundaries, it is possible to calculate 
several useful geometric properties of a segmented shape. These can be used 
for classification, identification, measurement and position finding, to name a 
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few. For a 2D continuous function f(x,y) the moment of order (p+q) is so 
defined: 
^d    edf



  g	e, fTeTf  Equation 15 
 
 In case of 8-bit greyscale images the 	j, k represents the probability 
density function and the moment is so defined: 
 
^  ∑ ∑ ef	e, ffe    Equation 16 
 
 For binary images, 	j, k  1 for object’s pixel and 	j, k  0 for no-
object’s pixel. At this stage some properties could be derived (binary images): 
 
• Area =  
• Centroid 	j. k  where j& 


   k& 


 
 
To obtain translational invariant moments, the central moments have to 
be adopted. For digital images they are so defined: 
 
∑∑ −−=
x y
n
c
m
cnm yxfyyxx ),()()(,µ   Equation 17 
∑∑ −=
x y
c yxfxx ),()( 20,2µ     Equation 18 
∑∑ −=
x y
c yxfyy ),()( 22,0µ     Equation 19 
∑∑ −−=
x y
cc yxfyyxx ),()()( 111,1µ    Equation 20 
 
The second-order moments represent the inertia moments of the object, 
in respect to x and y axis. The second-order moments can be adopted to 
calculate the orientation of the object. 
If the object presents an elongated shape with a defined principal axis, it 
is possible to calculate the orientation  of the object as the angle between the 
least inertia axis (j 0) of the object and the x axis, as shown below: 
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2,00,2
1,12arctan
2
1
µµ
µθ
−
=
     Equation 21 
 
       
Fig. B0.3: Scheme of the method adopted for calculating the orientation  of an object. 
 
Skeletonize and Distance Map 
 
Normally, software for image processing provide tools as “skeletonize” 
and “distance map”.  
- Skeletonize: calculates the points situated at the same minimum 
distance from the border of the object.  
- Distance Map: returns an Euclidian Distance Map (EDM) of each 
pixel from the boundary of the object. A grey-scale image is 
returned. 
 
Combining both the results with a boolean operation 5, a skeleton 
representing the distance from the boundary is obtained. 
 
 
x
y′
x′
),( cc yx
θ
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Fig. B.0.4: Schematic representation of “skeletonize” and “Distance Map” applied to a 
binary image. A grey-level image is returned. 
 
 
SKELETON & DISTANCE MAP 
OBJECT  BOUNDARY 
9 
9 0 
0 
0 
0 
0 
0 9 
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APPENDIX C – Drawings of NPL Sub-project 
 
 
Fig. C0.1: Drawings of the skull phantom produced for NPL project, bottom element. 
 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Appendix C – Drawings of NPL sub-project 
 C-2 
 
 
 
 
Fig. C0.2: Drawings of the skull phantom produced for NPL project, part description. 
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Fig. C0.3: Drawings of the skull phantom produced for NPL project, top element. 
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STL of the Skin Covering of the Ultrasound Phantom (Second 
Version) 
 
 
 
Fig. C0.4: STL model of the second version of the ultrasound skull phantom, bottom part. 
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STL of the Modified Neonatal Skull Phantom 
 
 
 
 
 
Fig. C0.5: STL model of the second version of the ultrasound skull phantom, top part. 
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STL of the Skin Mould 
 
 
 
 
 
 
Fig. C0.6: Different views of the STL of the skin mould (top element) adopted for the 
casting of the skin covering, in Chapter 12. The inlet of the mould is visible on the 
isometric view of the STL (bottom). 
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Fig. C0.7: Different views of the STL of the skin mould (bottom element) adopted for the 
casting of the skin covering, in Chapter 12.
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Appendix D - FRED Testing Equipment  
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Strain Gauges Datasheet 
  
 
 
 
 
 
 
 
 
 
 
 
 
 Data From: HBM – www.hbm.com. 
Investigation of 3DP Technology for Fabrication of Surgical Simulation Phantoms 
 
Appendix E – 35mm Lens Datasheet 
 E-1 
 
Appendix E – 35mm Lens Datasheet 
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